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Résumé en anglais (court)

Title: Synergic thermo- and pH-Sensitive hybrid microgels with self-assembled
fluorescent dyes and ultrasmall gold nanoparticles for intracellular Raman sensing,

photoacoustic imaging and photothermal therapy

Abstract:

The design of smart hydrogel particles doped with plasmonic nanoparticles has attracted great interest
in recent years due to their promising outlook in nanomedicine as therapeutic systems and bioimaging
agents. Nanocomposite microgels were found particularly interesting as contrast agents for
photoacoustic imaging (PAI), an emerging noninvasive and inexpensive bio-imaging modality, with
promising prospects for cancer theranostics. Microgels can act as protective carriers to incorporate
photoacoustic imaging contrast agents thanks to their high loading capacity, biocompatibility, and
stimuli-responsive properties. Plasmonic nanoparticles (NPs) are promising candidates for PAI
contrast agents due to their outstanding optical properties based on the collective oscillations of free
electrons at the particle surface, resulting in so-called localized surface plasmon resonances (LSPR).
However, the synthesis of hybrid materials based on microgels doped with plasmonic NPs is a
challenging task with the necessity to control several features, such as particle sizes and doping levels

to tailor their final properties in relation to the targeted application.

To meet this challenge, we have developed in this PhD work an innovative modular strategy to achieve
the rational design of well-defined and densely filled hybrid particles. It is based on the step-by-step
assembly of the different building blocks, including microgels (uGels), dyes and gold nanoparticles
and the tuning of nanoparticle loading within the polymer matrix through successive incubation steps,
leading to densely filled microgels. A polymer matrix made of copolymers of oligo (ethylene glycol)
methyl ether methacrylate and methacrylic acid was chosen to provide a polyanionic building block
with swelling/deswelling response, pH- and thermo-sensitive behavior, desirable colloidal stability,

and biodegradability. Three different dyes were loaded within the pGels: rhodamine 6G (R6G),
5



methylene blue (MB) and cyanine 7.5 (Cy), resulting in microparticles with optical emission extending
from the visible to the NIR range. Gold NPs (Au NPs) coated with citrates were selected as the
plasmonic building blocks due to their unique optical properties. Upon light excitation of LSPR, a
strong electromagnetic field enhancement is produced at the NP surface, leading to a wide range of
applications in the fields of biology and chemistry, including surface enhanced Raman spectroscopy
(SERS), bioimaging and sensing. In addition, Au NPs can convert the absorbed light into heat through
non-radiative energy dissipation, making them valuable light-to-heat plasmonic converters for
biomedical hyperthermia and PAI contrast agents. The characterization of the final hybrid networks
using complementary techniques, such as UV-vis absorption, fluorescence, Raman, photoacoustic
imaging, transmission electron microscopy, small angle X-ray scattering and dynamic light scattering
revealed that they uniquely combine the properties of hydrogel particles, including high loading
capacity and stimuli-responsive behavior, the photoluminescent properties of dyes (rhodamine 6G,
methylene blue and cyanine 7.5) and the features of gold nanoparticles assembly. Once the system
was characterized, the potential of the final hybrid networks for biomedical science was assessed
through photothermal experiments, photoacoustic and Raman imaging as well as cell viability assays.
Interestingly, pH and temperature stimuli could be used to induce the shrinkage of the smart hybrid
microgels resulting in Au NPs aggregation, plasmon coupling and improved absorption in the NIR
region. Therefore, the final hybrid networks not only combine the remarkable features of each
component but also display synergetic properties that open promising prospects for a broad range of

biomedical applications.

Keywords:
Gold nanoparticles, pH and temperature sensitive microgels, fluorescent dyes, photoacoustic imaging,

photothermal therapy, surface enhanced Raman spectroscopy, nanomedicine, diagnosis and therapy.



Résumé en francais (court)

Titre : Microgels stimulables thermo- et pH sensibles imprégnés de sondes

fluorescentes et de nanoparticules d’or pour des applications biomédicales

Résume :

Les particules d’hydrogels stimulables dopées avec des nanoparticules (NPs) plasmoniques suscitent
un grand intérét dans la communauté scientifique en raison de leurs perspectives prometteuses dans le
domaine de la nanomédecine, notamment en tant qu’agents de contraste pour I’imagerie
photoacoustique, une technique d’imagerie non invasive et a faible coft, offrant de grandes
potentialités pour des applications théranostiques dans le cadre du cancer. Les NPs plasmoniques se
comportent comme des agents de contraste d’imagerie photoacoustique en raison de leurs propriétés
optiques remarquables basées sur les plasmons de surface localisés (LSP). Les microgels agissent
comme des vecteurs protecteurs pour véhiculer dans I’organisme les agents de contraste. Cependant,
la synthése de ces matériaux hybrides est une tache difficile avec la nécessité de contréler un grand
nombre de parametres, dont la taille des NPs piégées et leur niveau de dopage afin d’ajuster les

propriétés finales des matériaux.

Pour répondre a ce défi, nous avons développé dans le cadre de ce travail de thése une approche
modulable innovante permettant de réaliser la conception de particules hybrides bien définies et
densément chargées en NPs. Cette approche est basée sur I’assemblage étape par étape des différentes
entités, i.e. microgels (uGels), sondes fluorescentes et NPs d’or (Au NPs) et sur I’ajustement du niveau
d’imprégnation des Au NPs au sein des matrices polymeres via des étapes successives d’incubation.
Le choix de la matrice polymére s’est porté sur un copolymére d’oligo(éthyléne glycol) méthyl éther
méthacrylate et d’acide méthacrylique conduisant a la formation d’un pGel polyanionique avec un
comportement pH- et thermosensible, une excellente stabilité colloidale et des propriétés de
biodégradabilité. Trois types de sondes fluorescences ont ¢été internalisées dans les pGels

préalablement formés : la rhodamine 6G (R6G), le bleu de méthylene (MB) et la cyanine 7.5 (Cy),
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conduisant a des microparticules présentant un spectre d’émission optique s’étendant depuis le visible
jusqu’au proche infrarouge. Le choix des NPs plasmoniques s’est porté sur des NPs d’or en raison de
leurs propriétés optiques remarquables. L’excitation lumineuse des LSP produit une forte
amplification du champ électrique local a la surface des Au NPs, offrant des perspectives sans
précédent pour différentes applications, dont notamment la spectroscopie Raman exaltée de surface
(SERS), la bioimagerie et le diagnostic. De plus, les Au NPs sont capables de convertir la lumiére
absorbée en chaleur via une dissipation d’énergie non radiative, ce qui en fait des nanosources de
chaleur unique pour I’imagerie photoacoustique et le traitement des cancers par hyperthermie. La
caractérisation des particules hybrides obtenues a été¢ menée a 1’aide d’un grand nombre de techniques
complémentaires, incluant la spectroscopie UV-visible, la fluorescence, le Raman, 1’imagerie
photoacoustique, la microscopie €lectronique a transmission, la diffusion des rayons X aux petits
angles et la diffusion dynamique de la lumiére. Les résultats obtenus ont montré que les
nanocomposites produits combinent (i) les propriétés des pGels, telles qu'une forte capacité de charge
et un caractére pH- et thermosensible, (i1) les propriétés photoluminescentes des sondes fluorescentes
et les caractéristiques des Au NPs. L’intérét de ces objets pour des applications biomédicales a ensuite
été évalue en menant des expériences photo-thermiques, photo-acoustiques et de 1’imagerie Raman
ainsi que des tests de viabilité cellulaire. De fagon intéressante, des stimuli basés sur le pH et la
température ont pu étre utilisés afin d’induire la rétractation des pGels hybrides conduisant a
I’agrégation des Au NPs au sein de la matrice polymere, ce qui s’est traduit par une augmentation de
I’absorption optique dans le proche infrarouge, ouvrant ainsi des opportunités uniques dans le domaine

biomédical.

Mots clefs :

Nanoparticules d'or, microgels stimulables, sondes fluorescentes, imagerie photoacoustique, thérapie

photothermique, spectroscopie Raman exaltée de surface, nanomeédecine, diagnostic et thérapie.
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Introduction

Smart hybrid nanocomposites

Smart hybrid nanocomposites made of hydrogel particles loaded with inorganic nanoparticles have
aroused huge interest as unique multifunctional materials for nanomedicine applications, including
drug delivery, therapy and imaging. Nanocomposite microgels were shown to be particularly
promising as contrast agents for photoacoustic imaging (PAI), which is an emerging noninvasive
and inexpensive bio-imaging modality, with promising prospects for cancer theranostics. Hybrid
nano- and microgels can act as protective carriers to incorporate photoacoustic imaging contrast
agents due to their high loading capacity, biocompatibility and stimuli-responsive properties.
Although various kinds of PAI contrast agents have been explored, plasmonic nanoparticles (NPs)
were shown to be promising candidates for PAI due to their outstanding optical properties based
on localized surface plasmon (LSP). These nanoparticles display high optical absorption cross-
sections, several order of magnitude larger than those of small molecular dyes. Upon LSP
excitation, they provide light-to-heat conversion and thus behave as nanosources of heat.
Remarkably, the absorption of nanosecond light pulses produces localized thermal expansion of
the surrounding medium, resulting in the generation of ultrasound waves. This opens new
opportunities, as, through the detection of the ultrasound waves, PAI can map the distribution of

the nanoheaters with a sub-mm ultrasonic spatial resolution in deep tissue.

Due to these attracting features, several chemical approaches have been proposed to elaborate
nanocomposite microgels embedding plasmonic NPs. They rely mainly on the in situ synthesis of
the inorganic nanoparticles within the preformed polymeric particles or the ex situ synthesis of
both components followed by their assembly. However, the synthesis methods developed so far
present some important limitations, such as the difficulty to control the loading amount of
plasmonic nanoparticles within the hydrogel matrix. Therefore, the development of a versatile
strategy to achieve the elaboration of nanocomposite microgels with controlled parameters

(particle size, loading efficiency) still remains a challenging task.
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Thesis project

In order to meet this challenge, this PhD work explores an innovative strategy based on the step-
by-step assembly of different building blocks, i.e. microgels (uGels), dyes and plasmonic
nanoparticles, as illustrated in Scheme 1, and the tuning of nanoparticle loading within the polymer
matrix through successive incubation steps. As a proof of concept, we have focused herein on the
following building blocks:

(i) For the microgel component, a pH- and thermosensitive network made of copolymers of
oligo(ethylene glycol) methyl ether methacrylate and methacrylic acid was chosen;

(ii) For the dyes, rhodamine 6G (R6G), methylene blue (MB) and cyanine 7.5 (Cy) were selected.

(iif) Regarding the inorganic nanoparticles, citrate-coated gold nanoparticles (Au NPs) were

chosen.
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Scheme 1. Representative scheme of the self-assembly process to obtain hybrid microgels doped
with both fluorescent dyes and Au NPs for photothermal therapy and bioimaging.

Each component of the final nanocomposite microgels is expected to provide valuable properties
for theranostic nanomedicine, as follows:

- The gold nanoparticles and their assembly within the microgels will 1/ produce heat locally
by photothermal effect, 2/ serve as photoacoustic imaging (PAI) contrast agents and 3/ enhance

the Raman spectra of the dyes for surface-enhanced Raman scattering (SERS) imaging;
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- The pH- and thermosensitive microgels will act as 1/ a polymer network to load the Au NPs
2/ a retractable matrix upon heating or pH decrease, inducing the coupling of the embedded gold
nanoparticles, generating an enhancement of their properties.

- The dyes (rhodamine 6G, methylene blue and cyanine 7.5) will provide optical emission

extending from the visible to the NIR range.

In the first chapter of this manuscript, we introduce the basic concepts for the design of hybrid
microgels in theranostics and the state-of-the-art of cancer hallmark imaging based on
photoacoustic contrast agents. We give an overview of the chemical methods for the elaboration
of hybrid matrices, describing the various nature of gels and PAI contrast agents and we highlight

their merits and potential in relation to cancer treatment and diagnosis.

In the second chapter, we focus on the rational design of well-defined and densely filled hybrid
microgels (ugels), using a step-by-step approach offering the possibility to finely tune the loading
density of gold NPs within the polymer matrix via successive incubation steps, from one to five
times. The final hybrid networks were fully characterized using complementary techniques, such
as UV-vis absorption, fluorescence, Raman, small angle X-ray scattering, photoacoustic imaging,
transmission electron microscopy and dynamic light scattering. Thanks to these techniques, we
could investigate the pH- and thermo-responsive behavior of the pristine and hybrid microgels,
their photoluminescent properties depending on the dyes loaded within the polymer matrix and the
optical properties of the gold nanoparticle assembly. Once the nanocomposite platforms were fully
characterized, their potential for biomedical science was assessed through photothermal

experiments, photoacoustic and Raman imaging as well as cell viability and internalization assays.

In the third chapter, we have taken advantage of the dual fluorescence/Raman properties of the
dyes and their enhancement or quenching by the Au NPs trapped within the microgels to
investigate their biotransformation and their biodegradation in primary fibroblasts in vitro through
dual-mode imaging. After cell internalization and ageing during up to 7 days, a strong modification
of the optical signature of the uGels was detected, from a SERS ON/Fluorescence OFF state to a

SERS OFF/Fluorescence ON behavior, suggesting a process of disassembly with distinct fate and
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relocation of Au NPs and dyes. The biotransformation was also followed by TEM, confirming the
biodegradation process with the appearance of aurosomes structures after 4-7 days.

As plasmonic nanoparticles under LSPR excitation, can act both as contrast agents for PAI and
Raman imaging, the nanocomposite microgels could serve as dual-modality tags for both
techniques. In the fourth chapter, we focus specifically on the potential of small spherical gold
NPs to bind Raman reporters for SERS bioimaging. For this, we explored a new approach for the
attachment of Raman labels on the surface of Au NPs, based on aryl diazonium salts. We show
that the use of aryl diazonium salt chemistry provides an easy means to obtain robust Au-C
covalent links between the Raman reporters and the NPs, ensuring a high stability of the
nanohybrid interface. Interestingly, this approach allows the formation of multilayers at the surface
of NPs, giving access to new spectrally distinguishable SERS codes thus broadening the library of
available Raman tags. Proof-of-concept Raman imaging experiments were performed on cell lines
after NP uptake, highlighting the large potentials of diazonium salt chemistry to design metallic
NPs-based SERS labels for Raman bioimaging. The loading of the SERS tags within the microgels
studied in the previous chapters could not be studied in the framework of this PhD, due to a lack

of time, but it constitutes one of the main perspectives of this work.

In the last part of the manuscript, we conclude and propose several perspectives regarding the
development of more efficient/biodegradable targeted contrast agents for PAl and Raman imaging.
Due to the small size, biodegradability and low toxicity of gold nanoparticles used in this work as
well as the biocompatible polymer networks, these smart nanosystems should have excellent
potential for clinical translation and applications as PAI/Raman agents, intracellular sensors and

drug delivery system for cancer treatment.
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Chapter 1. Background and state-of-the-art

Photoacoustic active nano- and microgels for biomedical applications

Photoacoustic imaging (PAI) is an emerging noninvasive and inexpensive bio-imaging modality,
which has stimulated a wide interest in recent years for cancer theranostics. Hybrid nano- and
microgels have been designed as protective carriers to incorporate PAI contrast agents due to their
biocompatibility and biodegradability, high loading capacity, versatile surface chemistry and
stimuli-responsive properties. These key features offer unprecedented opportunities for the design
of innovative multifunctional cancer theranostic agents. This chapter focuses on the recent
development of photoacoustic active nano- and microgels for biomedical applications in cancer
theranostics and cancer hallmark imaging. The various chemical natures of gels and PAI contrast
agents and the elaboration methods of hybrid matrices are summarized and discussed. Their
applications in multimodal cancer theranostics and cancer hallmark imaging are presented,

highlighting their merits and potential in treatment and diagnosis.

1.1 Photoacoustic imaging: principles and applications for cancer imaging

Imaging in medical oncology has recently experienced breakthrough with the arrival of new
molecular imaging techniques devoted to the early diagnosis of cancer and to treatment monitoring.
Photoacoustic imaging (PAI) has stimulated a wide interest in the medical imaging community
due to its considerable capabilities for cancer physiological and molecular imaging. PAI is a hybrid
imaging technique, based on the photoacoustic effect, which combines optical excitation and
ultrasound detection. The PA mechanism, which was firstly observed by A. G. Bell in 1880, is
based on the local absorption of an incident non-ionizing light pulse, followed by the rapid and
transient heating of the surrounding biological tissues and its thermoelastic expansion. This
expansion generates ultrasound waves that originate from the optical absorbers inside the tissue
and propagate outwards to the tissue surface where they can be detected and then analyzed using

image reconstruction techniques to yield optical absorption maps. As a multiwave imaging
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technique, PAI offers two key advantages over single-wave methods®*. First, compared to purely
optical imaging techniques, it offers large imaging depth (up to 4-5cm in vivo ® and 11-12 ¢cm in
vitro) and high spatial resolution (depth-resolution ratio ~ 200°, ~100um at cm depth). This is
achieved thanks to the combination of the relatively high tissue penetration of near infrared ’
excitation (from 650 to 1700 nm) and the low scattering of the acoustic waves (in the MHz range)
in tissue. Second, compared to ultrasound imaging, PAI offers a high and rich optical contrast,
which enables to separate absorbing structures from the background and to distinguish absorbers
based on their absorption spectra®. Endogenous absorbing molecules, such as oxy and deoxy-
hemoglobin and melanin, have been efficiently used for the visualization of vessel structures, the
quantification of blood oxygenation and the detection of melanoma® 1°. However, only few types
of endogenous biomolecules can be exploited for intrinsic PA imaging, limiting its range of
applications. To overcome these barriers and boost PA imaging specificity, many efforts have been
devoted to the development of exogenous contrast agents. These materials, usually based on NIR
absorbing dyes or nanomaterials, can extend the application of PAI in cancer theranostics. For
example, metallic, carbon or semiconducting polymer nanoparticles (NPs), and molecular dyes (ex.
indocyanine green, fluorescent proteins) have been reported for in vivo PA tumor imaging®*.
Nevertheless, it remains a great challenge to efficiently deliver PA contrast agent to their targets,
owing to their unstable chemical properties and short circulation life-time!?. To overcome these
issues, biocompatible, hydrophilic and protective delivery wvehicles with prolonged blood
circulation lifetimes are highly desirable. Cross-linked hybrid nano- and microgels can fulfill the
demands thanks to their: i) high loading capacity (ex. imaging agent, drugs, etc.); ii) versatility for
surface modification (ex. by targeting molecules) and rapid response to external stimuli (ex. pH,
temperature, etc.). These merits favor the targeting and controlled release of guest agents??,
efficiently improving cancer diagnosis and therapy (Figure 1.1). Besides, hybrid nano- and
microgels exhibit prolonged blood circulation time, which is highly suitable for theranostic agent
delivery. For example, poly(N-isopropylacrylamide-co-acrylic acid) nanogels loaded with FezO4
NPs and conjugated with Cy5.5-labeled lactoferrin, designed for targeted glioma imaging,
exhibited longer blood retention time (half-life period = 5.3 h) with respect to free contrast agent
(half-life period = 2.2 h) in rat models*. In another example, zwitterionic poly(phosphorylcholine)
based nanogels could largely prolong the blood circulation time of anti-cancer drug (Cy5)*°. 48 h

after the 1% intravenous injection in BALB/c mice, more than 20 % of Cy5 injection dose could be
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detected in the blood for the nanogel-Cy5 composite, whereas only less than 5% was found for
free Cy5. Similar results were observed 48h after the 2" intravenous injection. Therefore, nano-
or microgels (10-200 nm) carriers have attracted lots of interests, due to their longer circulating
time in blood, allowing more theranostic agents to be passively delivered and accumulate in tumor

tissue after intravenous injection®.
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Figure 1.1 Illustration of theranostic agent based on hybrid microgel encapsulating imaging and
therapeutic agents for cancer diagnosis and therapy. PAIl = photoacoustic imaging, PTT =
photothermal therapy, PDT = photodynamic therapy, FLI = fluorescence imaging, MRI =
magnetic resonance imaging.

In this chapter, we introduce the basic concepts for the design of hybrid microgels in the domain
of PA imaging. The methods to synthesize hybrid assemblies are described and their applications
in cancer related PAI and biomedicine are summarized focusing on two main orientations: i)
multimodal cancer theranostics including PAI or/and synergistic therapy; and ii) cancer hallmark

detection and microenvironment investigation using PAL.
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1.2 Chemical nature of hybrid microgels for PA imaging

1.2.1 Polymer nano- and microgels

Various polymer nano- or microgels have been used to load contrast agents for PA imaging in
oncology. They can be classified into 2 categories: i) biopolymers or ii) synthetic polymer particles,
as listed in Tables 1.1 and 1.2. For example, engineered polypeptide (PC10A) expressed on E. Coli
has been purified and loaded with PAI contrast agents'’*°. Hyaluronic acid derivatives?,
chitosan?!, gelatin? and polyglutamic acid!> 2 have been used for the design of multi-modal
cancer theranostic platforms. Biopolymers exhibit excellent biodegradability, biocompatibility and
low immunogenicity. However, some of them (ex. engineered polypeptide) require complex
preparation and purification processes, with potential risk of batch to batch variation. Moreover,
some natural polymers possess a few types of terminated functional groups, such as dextran, which
has only -OH termini. This might limit the diversity of their possible post-functionalization or
conjugation reactions. Alternatively, synthetic polymers based on polyethylenimine?,
polyethylene glycol?®>?’, polypyrrole?®, poly(acrylic acid)?®! and polyglycerol®?> have been
reported as scaffolds for PAI contrast agent delivery. The advantages of synthetic polymers are
their controllable physico-chemical (ex. size, shape, etc.) and surface properties (ex. surface charge,
functional groups for conjugation, etc.), favoring the elaboration of multifunctional and
multimodal system for bioimaging and therapy. Nevertheless, synthetic polymers might be non-
biodegradable, as for example PHPMA (poly (N-(2-(hydroxypropyl) methacrylamide), even
though it has been applied in prototype anti-cancer treatment®3 34, Therefore, one should carefully

design and select proper synthetic polymers for drug delivery.

1.2.2 Synthesis of hybrid nano- and microgels for PAI

The elaboration of hybrid nano- and microgels for PAI can be achieved by three main approaches
(cf. Figure 1.2): i) the in situ synthesis of contrast agents inside the hydrogel microparticle matrix;
ii) the formation of gel particles from PA active monomers/initiators/crosslinkers; iii) the ex situ
self-assembly of microgels and contrast agents. In the first method, the precursors are mixed with
nano- or microgels, followed by contrast agent's generation process. For example, CuS NPs could
be in situ synthesized in theranostic microgels by mixing Cu?" precursors with gels, followed by
reaction with Na,S?*. Another example is the in situ polymerization of polyaniline (PANI) in

microgels from preloaded aniline monomers*2. Besides, nanogels made of copper methacrylate
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crosslinkers can act as precursors to generate in situ CuS NPs?’. In the second approach, PA active
monomers, such as pyrrole?, were used for the formation of microgels. Monomers could be also
pre-functionalized by PA dye molecules, such as oxyphor G2%, for the in situ generation of gel
matrix. In the third method, hybrid nano- and microgels can be prepared by the ex situ self-
assembly of gel matrix and contrast agents, relying on attractive interactions, such as electrostatic
forces, m—m stacking, H-bonding or covalent grafting. For example, Ag>S NPs could be
encapsulated into polypeptides'® . Methylene blue was loaded into cisplatin-modified gelatin
nanogels®?. Indocyanine was loaded to polydopamine coated PEGylated polypyrrole nanogels®.
The first and second approaches described above are rapid and offer a simple way to generate
hybrid gels. However, the morphology and properties of contrast agents (for the 1% method) and
gel particles (for the 2" method) are hard to control. Regarding the ex-situ generation approach
(3" method), it requires distinct stages to prepare separately the contrast agents and gels, and
assemble them into hybrid particles, which can lead to longer procedures. Yet the size, shape and
surface properties of each separate component can be defined and controlled more accurately.
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Figure 1.2. Illustration of the various elaboration strategies for designing hybrid nano- and
microgels loaded with PAI contrast agents.
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1.2.3 PAI contrast agents
Different types of PAI contrast agents have been loaded within polymer micro- or nanoparticles.
They can be divided into three main categories (Figure 1.3): i) molecular dyes; ii) inorganic

nanomaterials; iii) semiconducting polymers.

PAI contrast agents

|
| \

Semiconducting polymers:

Molecular Dyes: Inorganic nanoparticles:

Cyanine 5,5 and 7 Ag,S Polyaniline
Indocyanine Cus Polypyrrole
Methylene blue Au cluster DPPF
SNARF®-5F Carbon quantum dots PCPDTBT

Terrylenediimmide

Figure 1.3 PAI contrast agents for multi modal cancer theragnostic and cancer hallmark imaging.
SNARF® = seminaphtharhodafluor; DPPF = Poly[3-(5-(9-hexyl-9-octyl-9H-fluoren-2-yl)
thiophene-2-yl)-2,5-bis(2-hexyldecyl)-6-(thiophene-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione]; PCPDTBT = poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-
alt-4,7(2,1,3benzothiadiazole)].

Molecular dyes have been widely used in PA imaging due to their low toxicity and commercial
availability. Commonly used dyes include cyanines, Alexa Fluor and azo derivatives, Black Hole
Quencher 3 (BHQ3) and Atto dyes®’°. Nevertheless, major limitations hinder their application in
clinics, such as their poor aqueous solubility, and short circulation time in vivo. To overcome these
barriers, small molecular dyes were loaded within microgels, acting as carriers to increase the PAI
contrast agent availability and improve targeting efficacy. For example, Zhai et al. designed
multifunctional nanovesicles (MPV) based on cell membrane shells and gelatin nanogel cores to
co-load methylene blue and cisplatin (Pt)?2. Core—shell silica-polyethylene glycol NPs were doped
with Cyanines 5.5 and 7 to provide fluorescent, photoacoustic and photothermal capabilities in
vitro on MDA-MB-231 cancer cells?®. Indocyanine functionalized polypyrrole NPs have been

designed for PAl and PTT on HelLa tumor bearing nude mice®,
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Inorganic nanomaterials based on plasmonic nanoparticles have also stimulated a wide interest
for PAI due to their remarkable optical properties arising from localized surface plasmon (LSP).
In particular, their optical absorption cross-sections are several order of magnitude larger than
those of small molecular dyes*'. Therefore, these NPs can release heat energy upon LSP excitation,
resulting in light-to-heat conversion, which was exploited for PAI and photothermal therapy
applications. However, it is still a great challenge to apply plasmonic colloids (e.g., Au NPs and
Ag NPs) in clinics because the LSP resonance of simple spherical gold or silver nanoparticles can
be only excited in the visible range (400-600 nm), where the strong absorbance of the hemoglobin
limits the penetration depth to the mm-range. Fortunately, LSP properties can be adjusted by
modifying NP morphology, structure and coupling to shift the excitation wavelength to the NIR
region. For example, Chen et al. designed nanocomposites based on thermoresponsive poly(N-
isopropylacrylamide) (PNIPAM) nanogels embedding gold nanorods (AuNR) and CuS NPs as
nanoheaters*?. In another example, sub-5nm Au NPs were encapsulated into reactive oxygen
species (ROS) sensitive polyphosphazene nanogels for ROS imaging in cancer microenvironment
43, NIR-absorbing Ag.S and CuS loaded gel matrix have been applied for cancer PAI and PTT*®
27 Besides, carbon-based nanomaterials, such as carbon quantum dots, carbon nanotubes and
graphene, have been also reported for PAI?Y 4446 - Although they exhibit lower molar extinction
coefficients compared to plasmonic NPs, carbon-based nanomaterials offer valuable advantages

for PAI, including ease of fabrication and surface functionalization.

Semiconducting polymers have emerged prominently in PA imaging due to their high absorption
coefficient, strong photostability, adjustable optical properties and controllable size*’: %8, This kind
of contrast agent is mainly made of semiconducting polymers composed of biologically inert
components, thus exhibiting good biocompatibility*’. For example, polyaniline functionalized
nanogels have been reported for PAI guided PTT of tumors*?. Terrylenediimide-based polymeric
NPs with high photothermal conversion effect have been studied in PAI and PTTZ. Polypyrrole-

loaded nanogels could enhanced PA intensity, favoring tumor photothermal ablation?,
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1.3 Applications in theranostics and cancer hallmark imaging.

1.3.1 Multimodal cancer theranostics

Most PAI contrast agents exhibit photothermal effect, converting the absorbed light into heat. As
a result, the surrounding temperature can be increased and cause cell death or/and tissue ablation.
The treatment based on photothermal effect is called photothermal therapy or hyperthermia in
clinical setting®. It is a minimally invasive way to treat cancer. The simultaneous use of PAI/PTT
has attracted great interest for theranostics. Both inorganic and organic PAI contrast agents can be
applied for PTT, as overviewed in recent reviews®® 1, For example, organic dyes (ex. methylene
blue, indocyanine green)?252 or polymers (ex. polyaniline and polypyrrole)®®>* have been reported
as simultaneous PAI/PTT agents. Alternatively, inorganic materials, such as carbon nanomaterials
(ex. carbon dots, graphene)** %, plasmonic (ex. Au)*®°® and semiconducting NPs (ex. AgaS,
CuS)®8:5% 50 have been used. Interestingly, the encapsulation of PAI/PTT theranostic agents within
smart microgels offers unprecedented opportunities to control their delivery, release or/and
biodistribution, favoring cancer diagnosis and therapy®3. Therefore, such a multimodal system is
receiving more and more attention. As summarized in Tablel.1, these multimodal theranostic
systems can be obtained either by: i) loading simultaneously PAI and PTT agents in microgels
with'” 1824 or without!? 2326 28-30 tymor targeting agent on the surface or ii) by co-encapsulating
PAI/PTT agents with chemo-therapeutic molecules, improving cancer treatment efficiency?® 2227
30,32,36.

PAI agents based on organic dyes such as cyanine?® 2% and methylene blue derivatives?® or NPs,
such as quantum dots, carbon dots?*  and Ag.S*® have intense fluorescence emission, which could
be applied for dual-mode PAI-fluorescence imaging. In addition, microgels are able to carry a
secondary imaging agent (such as Gd®*" complex for MRI) together with PAI agent, forming
multimodal imaging system and boosting diagnostic accuracy?*. Besides, it is possible to establish
dual phototherapy, namely, PTT and photodynamic therapy (PDT), if the PAI agents release ROS
under laser excitation. For example, a versatile theranostic system has been reported to encapsulate
methylene blue and cisplatin in gelatin?. In this work, methylene blue is responsible for both
imaging (e.g. PAI and fluorescence imaging) and phototherapy (e.g. PTT and PDT). Combined
with anti-cancer drug (e.g. cisplatin), localized hyperthermia, PDT and chemotherapy, this
multifunctional theranostic agent can efficiently kill 4T1 breast cancer cells leading to primary

tumor regression and 97% inhibition of pulmonary metastasis.
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Table 1.1 Hybrid microgels for cancer photoacoustic imaging and theranostics.

Microgel scaffold Imaging agent Phototherapy agent | Targeting | Chemotherapeutic | Particle size | Administration Ref.
agent drug mode
Biopolymer gel matrix
Polypeptides (PC10A) Ag.S  quantum | Ag2S quantum dots | Arginyl- - Dn~ 160 nm | Intratumoral 18
dots for PAI and | for PTT glycyl- injection
FLI aspartic
acid (RGD)
Dextran-polypyrrole Polypyrrole PPY for PTT - - Dh=~93 nm | Intratumoral 28
(PPY) for PAI injection
y-polyglutamic acid (y- | Polyaniline PANI for PTT - - D = 71.9 | Intratumoral 12
PGA) (PANI) for PAI 15.8nm injection
v-PGA PPY for PAI PPY for PTT - - D = 38.9 + | Intratumoral 23
8.6 injection
Gelatin Methylene Methylene blue for | - Cisplatin Dn = 146.3 + | Intravenous 22
blue for PAI and | PTT and PDT 5.0 nm injection
FLI
Chitosan Carbon quantum | Carbon  quantum | - Doxorubicin Dh=78 nm | Intravenous 21
dots for PAI and | dots for PTT D =~ 65 nm injection

FLI
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Janus-type  hyaluronic | Indocyanine - - - Dn = 157 - | Intravenous
acid derivatives green for PAI 209 nm injection
and FLI
Polypeptides (PC10A) Ag,S  quantum | Agz.S quantum dots | - Paclitaxel D = 85+ 15 | Intratumoral 36
dots for PAI for | for PTT nm injection
FLI
Chemical polymer gel matrix
Polyethylenimine CusS for PAI and | CuS for PTT Folic acid | - Dn=150 nm | Intravenous 24
Gd** for MRI injection
PEGylated polypyrrole Indocyanine Indocyanine green | - - D =65nm Intravenous 25
green for PAI for PTT Dn=331.3 % | injection
3.7nm
Terrylenediimide-poly Terrylenediimide | Terrylenediimide - - D =10 £ 1.2 | Intravenous 29
(acrylic acid) for PAI for PTT nm injection
Dh = 126
2.3 nm
Core-shell silica- | Cyanine 5.5 and | Cyanine 5.5 and 7 | - - D~10nm |- 26
polyethylene glycol 7 for PAI, FLI for PTT Dh =30 nm
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Polystyrene-b-poly  (N- | Diketopyrrolo- Diketopyrrolo- - Doxorubicin Dh=75nm | Intravenous

isopropylacrylamide-co- | pyrrole for PAl | pyrrole for PTT injection

acrylic acid)

Copolymers of | CuS for PAI Cus for PTT - Doxorubicin Dh~95nm | Intravenous 21

polymethacrylic acid and injection

poly (ethylene glycol)

methacrylate

Polyglycerol PPY for PAI PPY for PTT - Methotrexate Dn = 176 — | Intravenous 82
244 nm injection

PAIl = photoacoustic imaging; FLI = fluorescence imaging; PTT = photothermal therapy; PDT = photodynamic therapy; Dn = mean

hydrodynamic diameter, D = mean particle diameter determined from electronic microscopy

Table 1.2 Hybrid microgels for cancer hallmark photoacoustic imaging.

Microgel scaffold | PAI agent | Method Hallmark Particle size Administration Ref.
Polyacrylamide SNARF-- | Ratiometric PA signal of pH- | pH value changes | Dn = 60 nm Intravenous 81
(PAA) 5F sensitive SNARF-5F at 600 injection
and 565 nm
PAA oxyphor | PA life time of G2 dye | Low oxygen | Dn = 60 nm Intravenous %
G2 dye related to surrounding Oz | concentration injection
concentration (hypoxia)
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DPPF and | DPPF, PA sensing: signal increasing | Oxidative stress | Dh =~ 18 nm Intravenous

PCPDTBT PCPDTB | when probe binding to injection
protein sulfonic acid.

PCCP and PPB | AuNPs PA signal sensing: signal | Reactive oxygen | D =142.1+38.2 |- 43
decreasing in case of reactive | species nm

oxygen species

PAA = Polyacrylamide; SNARF® = seminaphtharhodafluor; DPPF = Poly[3-(5-(9-hexyl-9-octyl-9H-fluoren-2-yl)thiophene-2-yl)-

2,5-bis(2-hexyldecyl)-6-(thiophene-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)- dione]; PCPFTBT =

poly[2,6-(4,4-bis(2-ethylhexyl)-

4H-cyclopenta[2,1-b;3,4-b']dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]; PCCP = poly[di(carboxylatophenoxy) phosphazene]; PPB
= arylboronate polyphosphazene derivative; Dn = mean hydrodynamic diameter, D = mean particle diameter determined from

electronic microscopy
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1.3.2 Applications in cancer hallmark imaging

The hallmarks of cancer, first described by Hanahan and Weinberg®?, constitute common traits and
key mechanisms underpinning all cancers, including insensitivity to antigrowth signals, evasion of
apoptosis, limitless replicative potential, sustained angiogenesis, tissue invasion and metastasis.
Additional characteristic features of cancers are related to the tumor microenvironment®3, such as
reprogramming energy metabolism, evading immune response, extracellular matrix remodeling,
aberrant vascularization, hypoxia and genome instability and mutation®® 84, Imaging techniques offer
unique opportunities to investigate most of these tumor-related characteristics and provide a
noninvasive anatomic, physiologic, and molecular assessment of tumor biology for clinical practice
and disease treatment. Therefore, great efforts have been devoted to the detection and imaging of
cancer hallmarks. In this section, we will focus on the use of PAI for assessing cancer hallmarks, such
as pH, oxygen changes, oxidative stress and ROS production (as summarized in Table 1.2). The
detection of these traits are usually based on MRI® ¢ PET®": 6 and fluorescent optical imaging®®-*.
However, MRI and PET are expensive techniques, and are not recommended for patients with
pregnancy, breastfeeding, or with metal implants. In alternative, optical imaging and ultrasound
techniques are non-invasive, low cost and easy to use. Nevertheless, fluorescence imaging
measurements are not suitable for deep tissue analysis due to the strong optical scattering in tissue,
limiting spatial resolution for in vivo imaging. As ultrasound scattering is 100 to 1000 times weaker

than optical scattering, PAI allows improving spatial resolution deeply in tissue.

pH value changes occur in tumor due to altered metabolic state, from aerobic glycolysis to anaerobic
glycolysis’. This metabolic pathway produces excess lactic acid, leading to acidic microenvironment,
which can be related to local recurrence, metastasis and failure of chemotherapy”-'°. Therefore, it is
very important to establish applicable clinical tools to obtain quantitative pH information in tumor.
The use of PAI for pH sensing has been reported” 7578 using molecular pH-indicators, exhibiting pH
dependent absorption spectra in NIR. However, this approach does not allow accurate in vivo tumor
pH imaging because the free molecular contrast agents may also interact with various biomolecules
(ex. proteins, enzymes, etc...), that could modify their optical properties. Moreover, the strong
presence of hemoglobin in biological tissues and its absorption spectra may prevent a simple

amplitude-based discrimination of the contrast agent in the image, calling for the use of additional
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spectral discrimination. Wang and co-workers reported the design of polyacrylamide (PAA) NPs
encapsulating molecular contrast agents (e.g. SNARF"-5F) for PA pH imaging (Figure 1.4a)%. The
PAA served as a matrix to load SNARF-5F, improving biocompatibility™® and preventing interaction
between biomolecules and dyes®. The NPs were also functionalized by tumor targeting Fs peptides
to target cancer cells. As shown in Figure 1.4b, the absorption band of SNARF-PAA NPs shifted in
the visible range from 565 nm at pH = 6 to 600 nm at pH 8 (pKa =7.27°), providing an easy means to
use the ratio of the PA absorption intensities at the two absorption wavelengths for pH measurement
at mm-depths. Interestingly, a ratiometric method was proposed to discriminate the contributions of

hemoglobin and the SNARF -PAA NPs with as few as four excitation wavelengths.
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Figure 1.4 (a) lllustration of the pH-sensing mechanism of SNARF-PAA NPs, based on PA signals.
The PA signal intensity at 600 nm is pH-dependent whereas that at 565 nm is constant. The ratio of
signal at 600 nm over that at 565 nm, chosen as an internal reference changes with pH variations. (b)
UV-vis spectra of SNARF-PAA NPs, HbO> and Hb. (c) Results of the four-wavelength ratiometric
pH imaging at pH = 6.6, 7.0 and 7.4, using 2, 10 and 20 mg mL™ of NPs in presence of 1% whole
blood. In vivo pH imaging in mouse model 75 min after injection of SNARF-PAA (20 mg mL™?) for
(d) tumor, and (e) normal tissue. Reprinted with permission from 3L,
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From Figure 1.4c, PA signal can be clearly distinguished at different pH in the presence of 1% whole
blood, regardless the concentration of SNARF~-PAA loading, in the concentration range of 2-20 mg
mL. In vivo PA pH imaging performed 75 min after injection, showed that, the pH value was lower
in tumor (Figure 1.4d) with respect to normal tissue (Figure 1.4e), evidencing a pH contrast between

the center area (solid line) of the tumor and the peripheral part (dash line).

Low oxygen concentration (hypoxia) is also a characteristic of tumor microenvironment, associated
with cancer pathologies®®2. PA oxygen imaging can firstly be based on endogenous hemoglobin,
which absorption band changes upon binding/unbinding to oxygen®. However, hemoglobin gives
only blood oxygen levels which provide an indirect information on the oxygen level in extravascular
tumor tissues. Therefore, new PA contrast agents are desired to achieve direct tumor oxygen mapping.
Recently, Kopleman and co-worked reported a PA life time (PALT) method for tumor oxygen imaging
based on PAA nanogels doped with oxyphor G2 dye®, noted as G2-PAA NPs in Figure 1.5a. The
hydrogels, functionalized by tumor-homing peptides, allowed the transport of the dye molecules to
the target while protecting them from the interferences with biological species (such as proteins...).
The phosphorescent G2 molecules act as light absorbers which absorbance decays over time with an
exponential decay rate proportional to the oxygen concentration, after they have been excited with a
pump laser pulse. The decay is evaluated with PAI by probe laser pulses at a different wavelength than
the pump pulse. Varying delay times between pump and probe laser pulses (Figure 1.5b and c)
allowed to assess the transient absorption and its decay rate and thereby the oxygen concentration. As
shown in Figure 1.5d, the linear fit of the decay rate was similar for 2, 5 and 20 mg mL™ of G2-PAA
NPs with/without human serum albumin (HSA), indicating that the oxygen concentration
measurements is independent of NPs concentration and surrounding biological species. In mouse
model, the PA images showed that NPs accumulate in the tumor region after 60 min of injection
(Figure 1.5e). The PALT oxygen imaging showed low oxygen concentration in tumor (dashed cycle,

Figure 1.5f) compared to normal tissue, as shown in Figure 1.5g.
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Figure 1.5 (a) Representative scheme of the synthesis of G2-PAA NPs, conjugated to F3 peptide.
Illustration of PALT method: (b) the dye molecule is excited by a pump pulse from So to S: and the
energy transferred to the triplet state To. Subsequently, probe pulses detect the energy transfer from To
to ambient oxygen at different time points. (c) The phosphorescence decay curve can be established
by varying the delay times between the pump and the probe pulses. (d) The decay rate is linearly
correlated to oxygen concentration, as shown by the quantified decay rates as a function of the oxygen
concentration. (e) PA imaging of G2-PAA NPs distribution and (f) PALT oxygen mapping in tumor
area (dashed cycle). (f) Measured average oxygen concentration in tumor and normal (i.e. thigh) tissue

(* represents p < 0.01). Reprinted with permission from 3.
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Oxidative stress is another hallmark of cancer® , related to damaging effects caused by the
production of ROS through disturbed redox state of cells. The formation of protein sulfonic acid (R-
SOH), based on thiol oxidation in cell, is an indicator of damage caused by ROS. The detection of
protein sulfonic acid is usually based on its interaction with a chemical probe, such as derivatives of
dimedone (5,5-Dimethyl-1,3-cyclohexanedione), which can be monitored by fluorescence
spectroscopy, for in vitro detection’® %, Pu et al developed a PA method for the detection of R-SOH
in vivo®?. In this work, a core-shell nanocomposite (rSPN) was prepared using PA active polymers
(SP2) cores coated by silica shells, functionalized by a chemical probe (Dyn-2, dimedone derivatives),
which allow chemical binding to R-SOH, as shown in Figure 1.6a. The PA signal of rSPN2
(composite based on SP2 contrast agent) was maximal at 680 nm in the range 680 to 860 nm (Figure
1.6b). The absorption spectrum was in agreement with free SP2, indicating a good stability of SP2
within the composite. The PA intensity was not affected after mixing the composite with proteins
while it increased upon bonding with BSA-SOH (bovine serum albumin with sulfenic acids),
confirming efficient detection capacities of oxidative stress (Figure 1.6¢). In xenografted HeLa tumor
mouse model (Figure 1.6d), the PA signal of rSPN2 reach high intensity after 36h of injection, which
is 1.3-fold higher than control (SPN2) and 2.2-fold higher than the PA background signal of tumor.
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Figure 1.6. (a) Representative scheme of the synthesis of rSPN and mechanism of protein sulfonic
acid detection. SP = SP2 = poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b]-dithiophene)-
alt-4,7(2,1,3-benzothiadiazole)]; TEOS = tetraethyl orthosilicate, DYn-2 = 4-(pent-4-yn-1-
yl)cyclohexane-1,3-dione, protein = BSA. (b) PA spectrum of rSPN2 (23 ug mL™* of SP2 contrast
agent) in buffer solution at pH = 7.4. (c) PA intensity at 680 nm of rSPN2, rSPN2 with BSA and
rSPN2 with BSA-SOH. (d) In vivo PA imaging of protein sulfonic acid in xenografted HelLa tumor
mouse model after tail vein injection of rSPN2 and SPN2. Reprinted with permission from ©Z.
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Reactive oxygen species (ROS) production is another trait related to cancer. Cormode et al have
recently reported the design of hybrid nanogels for ROS imaging*®. As shown in Figure 1.7a, such a
system is based on a ROS sensitive nanogel, formed by poly[di(carboxylatophenoxy) phosphazene]
(PCPP) and arylboronate polyphosphazene derivative (PPB), loading densely packed ultra-small Au
NPs (< 5nm). The scaffold exhibits ROS-triggered degradation, releasing Au NPs and thus resulting
in a significant decrease of the PA signal due to plasmon band shifting out of the NIR region. By
comparing the PA to CT signal, ratiometric ROS imaging could be established for in vitro model of

inflammation of LPS-stimulated macrophages (Figure 1.7b).

(a) ROS trigger
ROS sensitive

PPB \ M i P

&
100

‘. PA contrast
¢ ROS e
L — 8 —
~,.._ ~

Sub-5nm
AuNP
ROS-sensitive Polymer degradation
PCPP nanoprobe leads to AUNP release

% Contrast in CT
8 8
Vd ul isenuon %

&
(=)

N
=]

o

Biodegradable

Figure 1.7 (a) llustration of ROS-sensitive hybrid nanogels. The degradation of the nanogels takes
place with ROS, releasing ultra-small Au NPs and decreasing PA signal. (b) Comparison between PA
and CT signals of normal and stimulated RAW264.7 cells incubated with PPB (ROS-sensitive hybrid
nanogel) and PCPP NPs (PCPP nanogels encapsulated Au NPs). Reprinted with permission from 3,

1.4 Conclusion on the design of microgels doped with PA contrast agents

This chapter provides an up-to-date review on the development of nano- and microgels doped with
PA contrast agents for photoacoustic imaging in cancer theranostics. Thanks to the loading of PA
contrast agents, the hybrid microgels possess the capacity to convert NIR light to heat, a valuable
feature for both PAI and phototherapy. In turn, the microgel network offers a protective matrix to
improve the stability and biocompatibility of the trapped PA contrast agents. It also prevents their fast
clearance by the reticuloendothelial system while fostering passive targeting of tumor by enhanced

permeability and retention effect (EPR) or active targeting via conjugation to ligands. Moreover, the
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stimuli-responsive properties of the hydrogel matrix offer unprecedented opportunities to achieve

smart multifunctional platforms.

Nevertheless, this rapidly expanding research area is still in its infancy concerning clinical
applications. There remain several challenges that need to be addressed before contrast agents based
on hybrid microgels achieve their full potential for photoacoustic imaging. Particularly, from a
chemical point of view, there is still much room for improvement to fully control i) the loading
capacity of the microgel matrices, ii) their biodegradability and iii) the final properties of the hybrid

network depending on the choice of the PA contrast agent.

1.5 Perspectives in the framework of this PhD

In this PhD project, we have focused on smart microgel matrix loaded with gold nanoparticles due
to their outstanding optical properties, allowing their use for both surface enhanced Raman
scattering (SERS), photoacoustic imaging (PAI) and photothermal therapy (PTT). As described
previously, the optical properties of gold NPs arise from the ‘localized surface plasmon resonance’
(LSPR) phenomenon which is due to the oscillation of free conduction electrons at the particle
surface upon light excitation, referred to as a plasmon. Interestingly, plasmons of gold nanoparticles
could induce characteristic absorption in visible region and surface enhanced Raman scattering,
which can be exploited for identification of chemical species and their localization. At the same
time, plasmons convert a substantial part of the oscillation energy into heat, via a photothermal
effect, which can be exploited both for photoacoustic imaging and photothermal therapy (Scheme
1). Gold nanoparticles can be divided into gold nanospheres (AuNPs), gold nanostars (AuNSs), gold
nanorods (AuNRs), gold nanocages (AuNCs), gold nanovesicles (AuNVs) and so on according to
their shapes. Plenty of research work have been done for the application of gold nanoparticles for
SERS®" 8 PAI® and PTT® as these particles are relatively easy to be synthesized and
functionalized. Gold nanoparticles with different shapes, sizes or aggregation states exhibit different
surface and optical properties ° 92, Furong Tian et al. synthesized gold nanospheres, spherical
aggregates, nanostars and investigated the dependence of SERS on the shape of those gold

nanoparticles by using rhodamine 6G as a Raman tag®®.
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Scheme 1.1. Illustration of the optical properties of Au NPs and their applications in Raman imaging,
photothermal therapy and photoacoustic imaging.

The authors concluded that the SERS effect can be optimized by increasing the number of hot spots.
The plasmonic band of nanosphere aggregates shifted to 660 nm compared to single nanospheres
(532 nm) due to electromagnetic coupling between Au NPs, causing a strong enhancement of the
SERS signal of rhodamine 6G. In the biology field, near-infrared (NIR) SERS attracts more
attention because absorption of endogenous molecules in our body is mostly in the visible range.
Therefore, laser in NIR range can reduce the damage to normal cells. At the same time, NIR region
corresponds to the "transparent window" of body, which is more suitable for biological applications
such as photoacoustic imaging and photothermal therapy. Moreover, laser in the near-infrared
region has a deeper penetration into the skin than in the visible region®, which will favor local tumor
photothermal therapy while reducing damage to normal tissue. Based on this, researchers have
preferentially selected gold nanorods and nanostars with plasmonic bands located in NIR-I (760 -
900 nm) or NIR-11 (1000 -1700 nm) window for bioimaging and cancer treatment. Jesse V. Jokerst
et al. used gold nanorods as the agent for PAI and Raman imaging for the detection of ovarian cancer
tumors in vivo®. Lu An et al. designed a macrophage-mediated delivery system with gold nanorods
for photothermal therapy and tumor hypoxia photoacoustic (PA) imaging®. Thi Tuong Vy Phan et

al. designed chitosan-based gold nanostars for photoacoustic imaging and photothermal therapy®’.

Although the plasmonic band of nanorods and nanostars are in the NIR region, their biological
toxicity cannot be ignored. The toxicity of gold nanorods and gold nanostars is mainly due to the

addition of the toxic ligand cetyltrimethylammonium bromide (CTAB) during the synthesis process.
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This issue has been overcome by replacing CTAB by other surface ligands such as mercaptoalkanoic
acids®® or polyethylene glycol (PEG)%. However, the question of biodegradability is also a crucial
point. Gold nanoparticles are widely believed to remain intact in biological tissues. Although Alice
Balfourier et al. reported that spherical gold nanoparticles of 4-22 nm can be degraded in cells'®,

there is no current report showing that gold nanostars and gold nanorods can be degraded in tissues.

To meet the requirements of both biocompatibility, biodegradability and optical properties
extending in the NIR range, we have focused in this PhD work on smart microgels loaded with gold
nanoparticle assemblies made of spherical nanoparticles, small enough (less than 5 nm), to be
degraded by biological tissues. Moreover, when their particle size is less than 5 nm, such NPs can
be eliminated by the kidneys!. To address the issue of NIR range excitation, the selected microgel
platform displays stimuli-responsive properties allowing the pH- or temperature-induced shrinkage
of the polymer matrix, resulting in plasmon coupling between individual NPs and efficient plasmon
absorption at NIR wavelengths. Therefore, such gold nanosphere assemblies should be able to
achieve a variety of biological applications, including Raman imaging®?, photothermal therapy*®

and photoacoustic imaging? **while minimizing the toxicity of nanoparticles to the human body.
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Chapter 2. Smart microgels loaded with fluorescent
dyes and gold nanoparticles for biomedical

applications

2.1 Introduction

The development of hybrid uGels based on the integration of inorganic nanoparticles into polymeric
particles has stimulated worldwide efforts in recent years due to their promising biomedical
applications as smart therapeutic systems and bioimaging agents'® 1% These materials combine the
unique properties of hydrogel particles, including softness, deformability, drug-loading capacity and
stimuli-responsive behavior and the outstanding features of nanoparticles (NPs) with optical, magnetic,
electronic or catalytic activities. Two main strategies have been explored to synthesize hybrid uGels
107: (i) the growth of NPs in situ in the presence of polymeric pGels; (ii) the synthesis of inorganic
NPs ex situ followed by their incorporation inside the polymer matrix. Although the first approach has
stimulated a wide interest'®® 9 owing to its simplicity, it results in a poor control over the size and
morphology of the inorganic NPs. In contrast, the second approach offers a unique opportunity to
achieve a preliminary control of the colloidal characteristics (size, polydispersity, surface
functionalities) of each separate building blocks (uGels and inorganic NPs)*%112 However, it has
received very little attention up to now due to the difficulties in obtaining large amounts of NPs trapped
inside the microgel matrix while preventing their aggregation and leaching. Therefore, the
development of a versatile strategy to achieve the self-assembly of separate preformed colloidal

particles still remains challenging.

We propose here an innovative modular strategy to finely tune the loading density of inorganic NPs
within the polymer matrix via successive incubation steps, from one to five times, leading to densely

filled nGels. As a proof of concept, a polymer matrix based on copolymers of oligo(ethylene glycol)
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methyl ether methacrylate and methacrylic acid was chosen to provide a polyanionic building block
with swelling/deswelling response, pH- and thermo-sensitive behavior, desirable colloidal stability
and biodegradability'!® !, Besides, oligo(ethylene glycol) methacrylate based copolymers are
interesting with respect to the criterion of biocompatibility!'* 114 and oligo(methacrylic acid) residues
have been approved by the FDA (Food and Drug Administration) for drug delivery capsules. To impart
fluorescence properties to the pGels, three different dyes were loaded within the hydrogel matrix:
rhodamine 6G (R6G), methylene blue (MB) and cyanine 7.5 (Cy), resulting in microparticles with
optical emission extending from the visible to the NIR range. Gold NPs (Au NPs) coated with citrates
were selected as the inorganic building blocks due to their outstanding optical properties''®, based on
the collective oscillations of free electrons at the particle surface, resulting in so-called localized
surface plasmon resonances (LSPR). Upon light excitation of LSPR, a strong electromagnetic field
enhancement is produced at the NP surface, leading to a wide range of applications in the fields of
biology and chemistry, including surface enhanced Raman spectroscopy (SERS), bioimaging and
sensing®. In addition, Au NPs are able to convert the absorbed light into heat through non-radiative
energy dissipation, making them valuable light-to-heat plasmonic converters for biomedical
hyperthermia and cancer treatments. Regarding nanotoxicity, sub-6 nm gold nanospheres are
interesting candidates as they have been shown to undergo biodegradation and they can be excreted
via the kidneys, which is a key parameter for clinical translation!®® 0% 116 However, the plasmon
resonance wavelength of gold nanospheres is located in the visible region, which limits their interest
for in vivo applications. Although the optical resonances of anisotropic gold NPs such as nanostars or
nanorods lie favorably in the NIR, their poor biodegradation and persistent accumulation in the body
have raised some concerns about their potential long-term toxicity. Therefore, the combination of NIR
optical absorption and bioelimination properties is still an important issue. It was addressed recently
by designing dense assemblies of small spherical Au NPs with short double-strand DNA, resulting in

plasmon coupling between individual NPs and efficient plasmon absorption at NIR wavelengthst?’,

The approach described herein offers a versatile alternative to obtain dense assemblies of small Au
NPs within fluorescent multifunctional microparticles, which could be compared to the assembly of
lego® bricks (see Figure 2.1). The first step consists in the loading of dyes within uGels, while the

second step is the uptake of Au NPs via diffusion, through successive incubation steps, promoting a
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high loading density. The samples were experimentally characterized by UV-vis absorption,
fluorescence spectroscopy, transmission electron microscopy (TEM), dynamic light scattering (DLS)
and small angle X-ray scattering (SAXS). The potential of the final hybrid networks for biomedical
science was then assessed through photothermal experiments, fluorescence microscopy, cell viability
assays and photoacoustic spectroscopy. The fluorescent properties of the hybrid uGels could be used
to track their uptake by cells while they also exhibit high molar absorption coefficients at A = 800 nm,
a key feature for PA imaging and photothermal therapy. Interestingly, pH and temperature stimuli
could induce the shrinkage of the smart hybrid pGels resulting in Au NPs aggregation, plasmon
coupling and improved absorption in the NIR region. Therefore, the final hybrid networks not only
combine the remarkable features of each component but also display synergetic properties that open

promising prospects for a broad range of biomedical applications.
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Figure 2.1 Representative scheme of the combination and assembly of uGels, fluorescent dyes and
inorganic NPs (Au NPs). This approach provides a versatile toolbox to design a large variety of hybrid
uGels, which can be compared to the assembly of Lego® bricks, as illustrated at the bottom of the
figure.

2.2 Results & Discussion

2.2.1 Synthesis of smart hybrid microgels
The uGels were synthesized from oligo(ethylene glycol) methyl ether methacrylate monomers and
methacrylic acid by surfactant-free precipitation polymerization in water solvent, as described by N.

Griffete et al. 1! (see details in Materials & Method, section 2.3). Highly monodisperse spherical
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uGels were obtained using this method (see TEM images in Fig. 2.2.a, b), with a mean hydrodynamic

diameter Dn of 592 nm (polydispersity index = 0.1), measured from DLS at 20°C and pH 7.5.
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Figure 2.2 TEM images of (a,b) bare uGels and (c,d) Au NPs, at different magnifications. (e)
histogram of Au NP diameter measured from TEM. The Au NP size was analyzed on 100 NPs using
the software ImageJ.
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They were negatively charged at physiological pH ({ potential = - 22 mV), due to the presence of
carboxylic acid groups, which are deprotonated [pKa ~ 4.8]. The polyanionic uGels could trap the
fluorescent dyes (R6G, MB, Cy) after simple mixing of the microgel dispersion with dye solutions.
As shown in Fig 2.3, the resulting fluorophore-loaded pGels displayed the optical properties of each
selected dye with absorption bands in the visible region and distinct fluorescence emission peaks at
Arrec] = 560 nm, Arpve) = 686 nm and Arcy; = 815 nm. The excess of dyes (free dyes in solution) was
removed by 1 cycle of centrifugation/redispersion and the supernatant was analyzed by UV—vis
spectrophotometry to deduce the amount of dyes encapsulated within the nGels Dyeuyptake (€g. 1) and

the loading efficiency (eq. 2).
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Figure 2.3 (a) Chemical structure of the dyes and digital pictures of Gel@dye dispersions, prepared with initial
dye concentrations [Dye]o = 50 uM or [Dye]o = 250 uM. (b) UV-vis spectra of the various Gel@dye samples
at [Gel@dye] = 0.04 nM, for an optical path length of 1 cm and (c) corresponding fluorescence spectra (Aexrsc]
= 490 nm, Aexqme; = 610 NM, Aexicyy = 716 nm). The dotted lines in (b) and (c) correspond to an initial dye
concentration [Dye]o of 50 uM, while the continuous lines correspond to an initial dye concentration [Dye]o of
250 uM.
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The dye loading efficiency reached ca. 94-100 % and the total amount of dyes loaded within the uGels
could be tailored from 2.8 + 0.1 to 14.2 + 0.2 umol of dyes per gram of uGels, depending on the type

of dyes and their initial concentration in the reaction mixture, as shown in Table 2.1.

__ initial amount of dyes (mol)—excess amount of dyes (mol) (
uptake mass ofmicrogels (g)

eq. 1)

Dye

Loading efficiency(%) - initial amount of dyes (mol)—excess amount of dyes (mol) % 100 (eq. 2)

initial amount of dyes (mol)

The dye-loaded pGels were then mixed with citrate-coated Au NPs (diameter 3.8 £ 0.9 nm, Fig 2.2
c,d), yielding hybrid uGels doped with both fluorescent molecules and plasmonic NPs (TEM images
Fig 2.4).

Table 2.1 Dye and Au NPs uptake (Dyeyptake and AUNPSypake) and loading efficiency into pGels.

Dyeyptake (mol of dyes per g of uGels) in AUNPs,ptake(mg of Au NPs per g of uGels) in Gel@dye@Au )
Dye Gel@Dye x=1 x=3 x=5
Loading efficiency in bracket
[R6G]o = 50 uM 2.8£0.1(99%)
[R6G]o = 250 uM 14.2 £ 0.2 (96%)
[MB]o = 50 uM 2.8+0.1(99%)
~50 (100%)b ~ 150 (100%) b ~ 250 (100%) ®
[MB]o = 250 uM 13.9 4 0.3 (96%)
[Cylo =50 uM 2.92 (100%)
[Cylo = 250 uM 13.6 + 0.4 (94%)

%In the case of Gel@Cy, no absorption peak of cyanine could be detected in the supernatant after centrifugation,
leading to an estimated dye loading efficiency of 100%. "The absorption peak of Au NPs in the supernatant
after centrifugation was so weak for both [Dye]o = 50 and 250 uM, that the Au NPs loading efficiency was
estimated to be approximately 100%.

Interestingly, the total amount of Au NPs uptaken by the uGels could be finely tuned by performing
several incubation experiments (number of incubation steps noted as x in Table 2.1 and Fig. 2.4),
according to the following procedure: (i) mixing of Gel@dye with Au NPs solution ([Au NPs] = 0.27
umol.L); (ii) washing of the resulting uGels via one cycle of centrifugation/redispersion; (iii) mixing
of the Gel@dye@Au samples obtained in the previous step with fresh solutions of Au NPs. This three-

steps process was repeated up to five times, leading to puGels densely filled with Au NPs.
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R6G

200 nm

Figure 2.4 Typical TEM images of hybrid nGels obtained after incubation of bare (no dye) or Gel@dye
particles with Au NPs. The number of incubation steps between the puGels and the Au NPs is specified on the
left by the values of x, varying from 1 to 5. All the Gel@dye particles were prepared from [Dye]o = 50 uM at
pH 7.5 and RT while the concentration of Au NPs was [AuNPs] = 0.27 umol.L™.
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The excess of Au NPs (free Au NPs in solution) was removed by 1 cycle of centrifugation/redispersion
in water and the supernatant was analyzed by UV—vis spectrophotometry to deduce the Au NPs uptake
within the uGels (AuNPsuptake) and loading efficiency (see Table 2.1). However, the AUNPSptake Values
may be slightly overestimated as some Au NPs were found adsorbed on the centrifuge tubes after
centrifugation, thus artificially decreasing the amount of free Au NPs measured in the supernatant. It
is noteworthy that even in the absence of dyes, the uGels were able to load similar amounts of Au NPs
(see Fig 2.4), showing that the presence of cationic dyes within the uGels matrix is not responsible for
the large Au NPs uptake. The encapsulation of Au NPs within the uGels could rather be explained by
a diffusion process driven by the concentration gradient of Au NPs from the solution to the core of the
uGels, as reported previously by E. Cazares-Cortes et al.!'? The hybrids obtained from the three
different dyes were named Gel@dye@Aux), where dye stands for R6G, MB or Cy and x indicates the

number of incubation steps between the nGels and the Au NPs solution (x = 1, 3 or 5).

2.2.2 Optical properties
The optical properties of Gel@dye@Au() were analyzed using UV-vis spectroscopy (Fig 2.5). The
plasmon band of Au NPs could be detected in the spectral range 510-560 nm while the presence of the

dyes was revealed by absorption bands at 539 nm for R6G, 661 nm for MB and 808 nm for Cy.
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Figure 2.5 UV-vis spectra of aqueous solutions (pH 7.5) of Gel@dye and Gel@dye@Au(), at 0.01
nM for an optical path length of 1 cm, with Dye = R6G, MB or Cy prepared from [Dye]o = 50 uM or
250 uM. Spectra were obtained before incubation with Au NPs (green curves) or after 1 incubation
(black curves), 3 incubation (blue curves) or 5 incubation cycles (red curves).

52



The uptake of Au NPs during the successive incubation steps with uGels could be monitored by
following the plasmon band intensity, which strongly increased after 1, 3 and 5 incubation cycles.
Depending on the amount of dyes and Au NPs uptaken by the pGels, the relative band intensities of
each component appeared to vary strongly, revealing predominantly either the dye absorption bands
(at high dye loading and low Au NPs uptake (x = 1)) or the plasmon peak (for high Au NPs uptake (x
=3orb)).

2.2.3 Stimuli-responsive properties

The stimuli-responsive properties of bare and hybrid uGels were studied using DLS, by analyzing the
swelling-deswelling behavior induced by temperature or pH changes. The pH was varied in steps of
0.5 over a range from 2 to 10 while the temperature was changed from 10°C to 70°C (Fig 2.6). For all
samples, Dn was observed to decrease sharply as the temperature increases, emphasizing their
thermoresponsive response. The inflection points observed in the curves of Dy vs temperature were
used to estimate the volume phase transition temperature (VPTT). Below VPTT, interactions between
the hydrophilic segments of the polymer network and water molecules are favored, with the formation
of hydrogen bonds, resulting in the swelling of the uGels. When the temperature increases above
VPTT, water-polymer interactions are reduced due to hydrogen bond disruption while interactions
between the hydrophobic portions of the polymer increase, leading to dehydration and self-aggregation

of polymer chains, thus collapsing the microgel matrix and expelling water.
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Figure 2.6 Plots of Dy determined by DLS vs temperature (at pH 7) (a) and vs pH (at 25 °C) (b) for
Gel@R6G@AuU(1) (squares), Gel@MB@Au() (circles) and Gel@Cy@Au( (down triangles) hybrid
uGels. All Gel@dye@Au(1) samples were prepared from [Dye]o = 50 uM, after x = 1 incubation cycle
with Au NPs solution (JAUNPs] = 0.27 umol.L™). The lines were added for the sake of clarity but have
no physical significance. (a) and (b) were measured with two different batches.
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The VPTT was found to be ~ 30°C for the hybrid particles, smaller than the VPTT of bare nGels (ca.
50°C)%’, indicating that the loading of dyes and Au NPs modifies the hydrophilic/hydrophobic balance
of the hydrogel matrix. From the Dy, values recorded at 20°C and 60 °C, the maximum swelling ratio
amax could be calculated, according to Eq. (3).

3
_ Vswolten  _ Rh,swolten (eq 3)
amax - -

3
Vcollapsed Rh,collapsed

amax Characterizes the maximum amount of water that can be loaded and released by the uGels. As
shown in Table 2.2, a clear enhancement of the swelling/deswelling capacity of the hybrid networks

is observed, compared to the pristine uGels.

Table 2.2 Characteristics of pristine and hybrid ugels at pH 7 determined from DLS and zeta potential
measurements. All Gel@dye@Au() samples used for the Table below were prepared from [Dye]o =
50 uM, after x = 1 incubation cycle with Au NPs solution ([Au NPs] = 0.27 pmol.L%).

Samples Dhat20°Cnm(PDI)  Dhat60°Cnm(PDI) ¢(MV)  ama
Bare uGel 592 +11(0.11) 396+4(0.25) -21.7 3.3
Gel @R6G@Au) 670 % 20 (0.20 ) 391+4 (0.18) 232 5.0
Gel@MB@Aug, 6042 (0.20) 354+8(0.16) 224 5.0
Gel@Cy@Auq, 627+2 (0.12) 372+6(0.02) -20.8 4.8

The pGels turned out to be concomitantly pH responsive. Indeed, raising the pH value from 2 to 10
resulted in a strong increase of Dy with a transition observed in the range 6-9 (see Fig 2.6 b). This pH-
sensitive behavior can be explained on the basis of the Flory—Rehner theory*® in which the
equilibrium swelling state of hydrogel networks is achieved when the total osmotic pressure It tends
towards 0. ITr can be calculated by summing up the mixing (ITmix), elastic (ITe)) and ionic (ITion)
contributions (It = (Imix + ITer + ITion) 11°. When the pH increases above the pKa of carboxylic acid
groups, their ionization rises the internal osmotic pressure due to electrostatic repulsions and free

counterion motion, resulting in further swelling.

The UV-vis spectra of Gel@dye@Au ) samples were recorded at two different temperatures (25 and

60 °C) to reveal the influence of this stimulus upon the optical properties of the hybrid particles (Fig
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2.7). As can be observed in Fig 2.7a, an increase in temperature, from 25 to 60 °C, had almost no
effect on the shape of the plasmon band for the Gel@dye@Au () samples, reflecting the absence of
plasmonic coupling between Au NPs within the uGels matrix. This can be explained by the low density
of Au NPs which are individually dispersed and isolated within the hydrogel matrix, even after
temperature-induced particle shrinking. In contrast, as the uptake of Au NPs increases within
Gel@dye@Au) and Gel@dye@Aug), their heating results in a broadening and a red shift of the

plasmon band which is much more pronounced for the uGels containing a high loading of Au NPs.
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Figure 2.7 Effect of temperature and pH stimuli upon the UV-vis spectra of Gel@dye@Aux samples
at 0.01 nM, with dye = R6G, MB or Cy ([Dye]o = 50 uM). The number of incubation steps between
uGels and Au NPs was varied from x = 1 (black curves), to x = 3 (blue curves) and x = 5 (red curves).
For each value of x (1-5), the spectra were normalized relative to the ones recorded at room
temperature (RT) and pH 7.5 (dashed lines). (a) UV-vis spectra as a function of temperature: the full
lines correspond to the spectra recorded at 60 °C and the dashed-dotted lines are the spectra after
cooling down. (b) UV-vis spectra as a function of pH: the full lines correspond to the spectra recorded
at pH 5.5. (¢) Influence of both stimuli, i.e. temperature and pH: the full lines correspond to the spectra
recorded at pH 5.5 at 60 °C. The insets display the optical pictures of the Gel@dye@Aug) solutions
before and after triggering the stimuli.
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In this case, the huge density of Au NPs trapped inside the uGels likely results in a short distance
between them, which is even shorter once the uGels have shrunk upon heating, leading to plasmonic
coupling. These temperature-induced optical changes appear to be only partly reversible, which can
be explained by the irreversible character of Au NP aggregation, due to strong van der Waals attraction
between them. The effect of pH was also studied by recording the UV-vis spectra of the hybrid
particles at pH 5.5 and 7.5. These pH values were selected to mimic both the physiological pH (7.4)
and intracellular lysosomal pH (around 5.5). As observed in Fig 2.7b, the decrease in pH from 7.5 to
5.5 produced a broadening of the plasmon band, which can be explained by the presence of plasmonic
coupling between NPs within the pGels. This effect was much less pronounced than for the
temperature stimulus, probably due to the choice of the pH range which lies at the bottom of the pH-

induced volume-phase transition (see Fig 2.6b).

Nevertheless, a significant enhancement of the absorbance in the NIR region could be observed at pH
5.5 for Gel@dye@Aus-sy samples, which is a key point for potential biomedical applications.
Interestingly, the combination of the two stimuli (temperature and pH changes) appeared to further
enhance the modifications of the plasmon band shape and wavelength, as observed in Fig 2.7c. These
results thus show that the presence of dyes and Au NPs trapped within the microgels do not prevent

the conformational changes of the copolymer network, which retain its stimuli-responsive properties.

The morphology changes of Gel@dye@Aus) samples induced by pH and temperature stimuli were
observed by TEM (see Fig 2.8). A temperature increase from RT to 60 °C appears to induce both (i)
a uGel shrinkage with an overall decrease in diameter and (ii) the aggregation of Au NPs within the
polymer network. Regarding the pH stimulus, a decrease in pH from 7.5 to 5.5 has much less effect
on the size of the uGels, which is consistent with the DLS measurements but it induces a clear
aggregation of the Au NPs. Interestingly, the combination of these two stimuli further amplifies these

morphological modifications (uGel collapse and Au NPs aggregation).
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Figure 2.8 TEM images at different magnifications of Gel@dye@Aus) samples prepared from [Dye]o
=50 uM, recorded initially at room temperature (RT) and pH 7.5 and then submitted to different
stimuli. The effect of temperature (T) corresponds to the heating of the colloidal dispersions to 60 °C,
the effect of pH corresponds to the decrease of pH to 5.5 while the effect of temperature and pH
indicates that the hybrid particles were subject to both stimuli simultaneously.

The structure of the uGels loaded with the different dyes (R6G, MB, Cy at [dye]o = 50 uM) and Au
NPs (x =1 or 5) has been studied by synchrotron small angle X-ray scattering (SAXS) on the
SOLEIL/SWING beamline (Fig 2.9 and 2.10). This non-denaturing method allowed us to characterize
the structure of the uGels and NPs on several length scales (i.e. 1-300 nm). We recall that the intensity
scattered by an assembly of spheres of volume V depends on their average size through the sphere

form factor P(qg) and their organization through the average structure factor S(q) as follows (eq. 4):

I(q) = @.V.(Ap)%.P(q).S(q) (eq. 4)

where @ is the volume fraction of the particles, q is the norm of the scattering vector and Ap =

Psphere — Pwater 1S the contrast of X-ray scattering length density (p) between the spheres and water.
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We first considered reference suspensions composed purely of uGels or Au NPs. The scattering curve
of nGel suspension (i.e. x = 0, Figure 2.9a) exhibits oscillations at low q (i.e. g < 0.01 A™) which
correspond fairly well to the form factor of non-interacting (i.e. S(q) = 1) polydisperse spheres with
a mean diameter D = 500 nm and a log. normal size distribution (polydispersity: ¢ = 0.05). This
analysis agrees with the DLS result (i.e. Dn = 592 nm) considering that our SAXS measurement should
underestimate the contribution of dangling chains on the surface of uGels compared to DLS
measurements. The scattering curve of Au NP suspension (Figure 2.9b) differs clearly from the uGel
curve by the absence of oscillations at small g and a decay at large g corresponding to the sphere form
factor of polydisperse spheres with a mean diameter D ~ 3.3 nm and log. normal polydispersity (i.e. ¢
= 0.4). We then characterized the different types of uGels loaded with dyes and Au NPs at two
different pH (Figures 2.9¢, 2.9e and 2.99). Overall, all the scattering curves have the same shape. At
low q (i.e. q < 0.01 A1), the scattered signal is dominated by the well-defined oscillation series
corresponding to the contribution of the uGel beads while at high q (i.e. g > 0.03 AY) the scattered

signal is dominated by the contribution of the NPs.

As expected, the analysis of the high g domain shows that the size and polydispersity of Au NPs is the
same in all cases and corresponds to the result obtained for a suspension of free Au NPs. Knowing the

average size of Au NPs, one can exploit the fact of working in absolute units to calculate their

1(q—>0)p?N 4

concentration in the medium, using the following expression: ¢ = ——=
My, (PP—Po)

with the gold volumic

mass p =~ 19.3 g/cm?3, the Avogadro number N, =~ 6.022 x 1023 mol?, the molecular mass of Au
NPs M,, = 200 kg/mol, the difference of X-Ray scattering length density between Au NPs (pp) and
water (pg): Pp — Po =~ (130 —9.46) x 101° c¢m™2. It appears that the concentration increases on
average by a factor of 5 when x (number of incubation steps between the uGels and the Au NPs)
increases from 1 to 5 (see Table 2.3), demonstrating the possibility to finely tune the amount of Au
NPs loaded within the puGels via the number of incubation steps. Another significant effect related to
the increase of x concerns the local organization of Au NPs. This effect is highlighted by plotting the
ratio between the total intensity scattered by the suspension of Gel@dye@Au (Itot(q)) and the
intensity scattered by a suspension of Au NPs at the same concentration (laune (g)) (Figure 2.9 d, f, h).

At high q (i.e. g > 0.03 A, this ratio corresponds to the structure factor S(g) of the NPs inside the
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uGels. As shown on Figures 2.9d, f, h, the increase of x from 1 to 5 leads to the appearance of a

structure peak revealing a correlation distance between Au NPs.
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Figure 2.9 Small angle X-ray scattering (SAXS) patterns of aqueous solutions (pH = 7 or 5) of (a)
uGels, (b) Au NPs and (c, e, g) Gel@dye@Aux), with dye = R6G, MB or Cy and x = 1 or 5. All
measurements were done at room temperature. Figures d, f and h represent the ratio between the total
intensity (ITot.(q)) scattered by the suspension of Gel@dye@Au and the intensity scattered by a
suspension of Au NPs at the same concentration (Iaue (q)) as a function of g at pH 7. The curves
corresponding to pH 5 are available in Fig S2.10.
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Figure 2.10 Small angle X-ray scattering (SAXS) characterization of aqueous solutions (pH =7 or 5)
of Gel@dye@Au(x), with dye = R6G, MB or Cy and X =1 or 5. All measurements were done at room
temperature. Evolution of the ratio between the total intensity (I1ot.(q)) scattered by the suspension of
Gel@dye@Au(x) and the intensity scattered by a suspension of AuNPs at the same concentration

(1aunp (9)) as a function of q.
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Interestingly, this peak tends to widen and the position of the peak maximum (g*) shifts towards the
large q as the pH decreases, such as: g* ~ 0.035 A at pH 7 and g* ~ 0.05 A at pH 5 (Fig. 2.10). This
shift reflects a decrease in the average interparticle distance (edge-to-edge) from 14 nm to 9 nm, in
qualitative agreement with the result of UV-Vis spectroscopy showing an amplification of the
plasmonic coupling with a decrease of pH. Finally, we analyzed the low q domain to characterize the
behavior of the uGels in the different conditions. This analysis shows that the scattering curves are
almost superposable in all cases (Figures 2.9¢, 2.9e and 2.9g) with diameters around 560 nm. Thus the
size variation detected by DLS and suggested by the evolution of the structure peak for x =5 does not
appear significantly in our analysis. This counter intuitive result may be explained by the fact that the
uGel structure is heterogeneous and reorganizes with pH without apparent modification of the

scattering curves at low g.

Table 2.3 Au NP mass concentrations in Gel@dye@Aux =1 or 5) Samples determined from the SAXS
measurements shown in Figures 2.9 and 2.10.

pH=5 pH=7

Samples
x=1 Xx=5 x=1 X=5

Gel@R6G@AuK) | 0.08g.L? | 1.01gL? |011gL? | 055g.L?

Gel@MB@Auw | 0.16g.L* | 0.88g.L? | 0.17gL? |0.94gL?

Gel@Cy@Auw | 0.10g.L™ | 0.56g.L? | 0.09g.L? | 0.50g.L*

2.2.4 Photothermal properties

To assess the photothermal performances of Gel@dye@Aux=10r5), the temperature changes of particle
dispersions under illumination were recorded using a thermal imaging near infrared camera (Fig 2.11).
The illumination was performed with an 808 nm laser at power densities of 1.1 W.cm? and the
temperature was measured every 0.033 s for 300 s. The heating profiles were investigated on 100 pL
of particle dispersions at fixed uGel (1.73 mg.mL™) and dye concentration (2.8-2.9 umol of dyes per
g of uGels, which corresponds to [Dye]o = 50 uM in Table 2.1) but different Au NPs loading (x = 0,
1 or 5). lHllumination of the dye-loaded uGels with no Au NPs trapped inside their matrix, did not result
in any appreciable temperature variation, except for Gel@Cy which exhibits a small temperature

increase (AT = 2 °C) within the first 25 s, likely due to Cy absorption at this laser excitation. This
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slight temperature increase is followed by a fast decline that can be explained by the well-known
photo-instability of Cy,'? for which the main photobleaching pathway has been shown to be initiated
by its triplet state that sensitizes oxygen resulting in the formation of singlet oxygen 2. Inthe presence
of Au NPs loaded within the gels, the suspensions showed a more significant time-dependent increase
in temperature (Fig 2.11), due to the photothermal properties of Au NPs in dye-loaded pGels,
converting light into heat. As expected, the heat release appeared much higher for densely loaded
MGels (Gel@dye@Au)) with AT values over 20 °C than for weakly doped pGels (Gel@dye@Au()),

showing AT values of ca. 2-5 °C.
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Figure 2.11 Heating properties of Gel@dye@Aux=o, 1 or 5) Suspensions at 0.04 nM exposed to a 808
nm laser at 1.1W/cm?. (a) lllustration of the experimental setup, (b) Pictures of the suspensions
exposed to the laser and monitoring of the heating by an infrared camera, (c-e) Heating profile of
Gel@dye@Au( at different pH. The plain lines correspond to pH 5.5 while the dashed lines
correspond to pH 7.5. The colors of the lines correspond to: x=0, i.e. no Au NPs (black lines), x=1
(blue lines), x=5 (red lines), (f) Temperature increment after irradiation for 300 s for the different
Gel@dye@Aux=10r5)at pH 5.5 and pH 7.5.

Interestingly, the enhancement of the heating capacities of Gel@dye@Aus) compared to
Gel@dye@Au() was higher than expected and could not be only related to the higher number of Au
NPs within the microgel matrix. Indeed, the AT values were 6 to 10 times higher for densely filled
pGels (x = 5) while the amount of Au NPs was no more than 5 times higher. The superior heating
capacities of Gel@dye@Au) could be explained by the presence of strong electromagnetic coupling
between Au NPs at high loading, generating hot spots as suggested by the stronger interactions

between Au NPs revealed by SAXS and observed on TEM pictures of pGels as well as coupling
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between the Cy dye and Au NPs. Additionally, the gradual shrinking of the pGels with temperature
enhances the optical attenuation. A further improvement of the heating capacities of Gel@dye@Au(s)
was observed by lowering the pH from 7.5 to 5.5, probably due to enhanced plasmon coupling of Au
NPs and of Au NPs and dye within the pGels, consistent with the UV-vis spectra at pH 5.5 (cf. Fig
2.7).

2.2.5 Viability assay, cellular uptake, and phototoxicity in colon carcinoma cells

In order to assess the usability and behavior of such smart stimulable uGel upon cellular internalization,
we first investigated the effect of Gel@dye@Aux) samples on the viability of CT26 colon carcinoma
cell lines by measuring their metabolic activity using the Alamar Blue assay. Cells were incubated for
24 hours in a complete medium containing Gel@dye@Au 5 (see details of the Materials & Methods
section). To compare the effect of the hybrid particles to that of the free dyes, cells were also incubated
with the same dye concentrations as the one loaded within the uGels (final dye concentrations in the
cell culture medium of 5 uM and 25 uM, respectively, for the Gel@dye@Au sy samples prepared
from either [dye]o = 50 uM or 250 uM). As observed in Fig 2.12, at these concentrations, free R6G
and MB exhibit a high cytotoxicity, with only 30% and 20 % of cell viability respectively, at 5 uM
and less than 10 % at 25 pM.
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Figure 2.12 Viability of CT 26 cells tested by Alamar Blue assay after 24 h of incubation with free
dyes, Gel@dye or Gel@dye@Au samples prepared from [Dye]o = 50 uM or 250 uM with Dye = R6G,
MB or Cy and Au NPs (x=1 and 5). For the Gel@dye@Au( or5) Samples prepared from either [dye]o
=50 uM or 250 uM, the final dye concentrations in the cell culture medium are 5 uM and 25 pM,
respectively.
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Cy appears toxic also but less than the other dyes at 5 uM with 90 % viability while it falls to almost
0% at 25 pM. Interestingly, after their uptake by the uGels, the dyes displayed much lower toxicity
than in the free state, at equivalent concentrations. Such lower toxicity might be due to different
internalization pathway and intracellular release when the dyes are vectorized by the uGels. To better
understand the fate of the pGels upon interactions with tumor cells, cell were observed by laser
confocal microscopy at different incubation times with the Gel@dye@Au) and Gel@dye@Aus)
prepared from either [dye]lo = 50 uM (Figure 2.13) or [dye]o = 250 uM (Figure 2.14). The
characteristic fluorescence of each dyes could be observed in cells, with progressive increase of

intracellular fluorescence. The dyes loaded in the uGels clearly act as fluorescence tracers to visualize

HGel uptake.
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Figure 2.13 Bright field and fluorescence microscopy of CT26 cells incubated for 24 h with
Gel@dye@AU (1 or5), ([Dye]o = 50 uM). After washing to remove exceeded pGels, CT26 cells were
further incubated for t=0, 6 h and 24 h and observed by HCS Celllnsight CX7.
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After 5 min (0 h), no fluorescence is associated to cells. After 6 h of incubation, most of the cells show
fluorescence with a cytoplasmic and perinuclear localization and the fluorescence intensity increases
after 24H of incubation for R6G and MB, whereas it tends to saturate at 24 h for Cy. A similar behavior
was observed with pGels with the highest dye concentration (Figure 2.14). This suggests a time
dependent uptake of uGels consistent with the process of endocytosis of sub-micrometer hydrogels.
Note that at x=5, the aggregation of Gel@dye@ Au ) can be observed on bright field images, featuring
dark spots outside (at 6 h, particularly for MB) and inside the cells (particularly at 24 h) showing
simultaneous gold nanoparticle uptake. The fluorescence of the dyes is not associated with the dark
spots when they are located outside the cells, probably due to fluorescence quenching whereas it
becomes apparent inside the cells, likely due to the release of the dyes from the hybrid pGels or

segregation of dye and Au NPs once inside the cells.
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Figure 2.14 Bright field and fluorescence microscopy of CT26 cells incubated for 24 h with
Gel@dye@AU (1 or5), ([Dye]o = 250 uM). After washing to remove exceeded pgels, CT26 cells were
further incubated for t=0, 6 h and 24 h and observed by HCS Cellinsight CX7.
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We further investigated the photothermal effect of Gel@dye@Au) on the viability of CT26 tumor
cells. Due to the observed toxicity of samples loaded with high dye concentrations, we only focused
in this study on the lowest dye concentrations for hydrogel loading ([dye]o = 50 uM). Monolayers of
attached cells, previously incubated during 24 h with Gel@dye@Au ) and rinsed, were irradiated for
10 min using 808 nm laser (power 1 and 2W/cm?). The control experiments were performed on CT26
tumor cells, without incubation with the pGel samples but irradiated with the same laser fluence. As

shown in Figure 2.15, no cytotoxicity was observed with laser only.

In line with dark toxicity study, cell treatment with Gel@Dye@Aux-1or5) (prepared from [dye]o = 50
uM) reduced cell viability to approximately 80% for x=1 and 70% for x=5 when no laser was applied
(0 Wicmg?). After irradiation, the cell viability decreased drastically. The phototoxicity is increased
with laser power (1 and 2 W/cm?) and with Au NPs loading (x=1 or 5) in a dose dependant manner.
Under optimal conditions (x=5, power of 2 W/cm?), cell viability is only 40% for R6G, 30% for MB
and 15% for Cy.
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Figure 2.15 Phototoxicity of Gel@dye@Au(: or 5y measured by Alamar Blue assay on CT26 cells after
10 min irradiation at 808 nm laser at 1 and 2W/cm?. The results are shown as mean = SEM (n=3).
Two-way ANOVA for the analysis, ****p-value <<0.0001, ***p-value <<0.001, **p-value<<0.01,
*p-value<<0.1 and ns represent no significant difference.

The fact that Gel @Cy@Aus) produces the highest cell death after laser irradiation is consistent with
their absorbance signal in the near infrared region, which combines the absorption of the cyanine and
Au NPs. The absorbance is probably further increased by the effect of the low pH related to lysosomal
uptake of the uGels and of the local increase of temperature. Interestingly the uGels with methylene
blue induces an important cell death which might not be directly related to light-to-heat conversion at

808 nm. Dhaval Sanchala et al. explains the anticancer activity of methylene blue via the inhibition of

66


https://pubmed.ncbi.nlm.nih.gov/?term=Sanchala+D&cauthor_id=30257315

Heat Shock Protein 70 (HSP70)*?2, Such effect could participate to the high phototoxicity induced by
Gel@MB@Au(, irradiated with NIR laser since MB could diminish the HSP 70 cell defense

mechanism against thermal stress.

An extensive study (going beyond the focus of the present paper) is underway to investigate the
intracellular fate and optical properties of uGels with tunable Au NPs load and plasmon coupling in
cells: we expect the lysosomal acidic pH, on one part, and photothermal effect, on the other part, to
transform the intracellular structures of puGels and to result in interesting therapeutic and sensing
applications. Here we have shown that the Gel@dye@Au or 5y could induce massive cell death when
irradiating cell monolayers (in absence of macroscopic global heating), which means that cytotoxic

photo-activated intracellular hot spots are induced by Gel@dye@Au internalized in tumor cells.

2.2.6 Photoacoustic spectroscopy

Photoacoustic (PA) imaging is a biomedical imaging modality able to map optical absorption at
centimeter depth in tissues and in sub-millimeter resolution. PA imaging is based on the conversion
of the optically absorbed energy in ultrasound waves and operates in the near infrared (NIR, typically
between 680 nm and 980 nm) with nanosecond pulses. The optical absorption properties of the hybrid
MGels and their modulation with pH and temperature make them potential PA contrast agents. Because
of the absorption of Cy in the NIR, we focused on pGels loaded with Cy and performed an in vitro
characterization at 25°C with a calibrated photoacoustic spectrometer? (see details of the experiments

in section 2.3).

This study aims to provide (i) a characterization of the optical absorption of the hybrid uGels while
the UV-Vis spectra reported above are sensitive to the optical attenuation (or extinction) which is the
added contribution of absorption and scattering, and (ii) an evaluation of the hybrid uGels as smart
photoacoustic contrast agents.

The pGels with dyes and Au NPs are complex structures regarding the interactions with light as both
the microgels and the plasmonic nanostructures scatter light and both the dyes and gold nanoparticles
assembly absorb light. Moreover, gold nanostructures are both absorbing and scattering with

potentially different absorption and scattering spectra®?.
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While UV-Vis spectrophotometry measures the attenuation coefficient that combines the scattering
and the absorption coefficients, photoacoustic spectroscopy PA is insensitive to scattering and enables
to probe only the optical absorption properties. The photoacoustic spectra of Gel@Cy@Aux) with x=
0, 1 and 5 were measured and are presented in Figure 2.16. The photostability of the solutions was
also evaluated by illuminating the samples with 900 successive laser pulses at the wavelength of 780
nm and monitoring the evolution of the PA coefficients with the number of pulses (Figure 2.17). The

laser fluence on the tubes can be estimated to around 3.8 mJ.cm™.
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Figure 2.16. Photoacoustic spectra of Gel@Cy (green curves) and Gel@Cy@Au=15 at pH 7.5 (blue
curves) and pH 5.5 (red curves) prepared from two different [Cy]o concentrations (50 u M and 250
u M). (a) PA spectra of Gel@Cy and Gel@Cy@Au,at 0.07 nM prepared from [Cy]o=50 u M. (b)
PA spectra of Gel@Cy and Gel@Cy@Au) at 0.07 nM prepared from [Cy]o = 250 1 M. (c) PA
spectra of Gel@Cy@Aues) at 0.035 nM prepared from [Cylo = 50 1 M. (d) PA spectra of
Gel@Cy@Au)at 0.035 nM prepared from [Cy]o= 250 1 M. The amplitude of the PA spectra of all
Gel@Cy@Au) samples have been multiplied two times for the sake of comparison with their
Gel@Cy@Au) counterparts, which were concentrated twice for the PA experiments.
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The general shape of the PA spectra of Gel@Cy (without Au NPs loading) recorded at pH= 7.5 is very
similar to their UV-vis spectra (displayed in Figure 2.3, see spectral region 650-900 nm) with an
absorption peak found around 790 nm. The ratio between the maximum amplitude for the initial dye
concentrations [Dye]o = 50 uM and [Dye]o = 250 uM is around 6, consistent with a higher loading of
dyes in the uGels. Both Gel@Cy samples were found unstable under illumination pulses (Fig 2.17)
with a progressive decrease of the PA amplitude, which can be explained by the photodegradation of
the dye under laser excitation. After 1 cycle of incubation with Au NPs (x=1), the PA spectra of
Gel@Cy@Au) were significantly modified. Indeed, for [Dye]lo = 50 uM, the PA spectrum of
Gel@dye@Au() (Fig 2.16a) exhibits a peak in the range 750-850 nm that could be attributed to the
cyanine, but it appears broader, with a lower amplitude and shifted from ca. 790 nm to around 810
nm, compared to Gel@Cly. It is noteworthy that this peak is revealed in the PA spectrum while it is

hidden in the UV-vis attenuation spectrum (Fig 2.5).

Interestingly, an enhanced photostability is observed in Gel@dye@Au) prepared from [Dye]o = 50
uM (Fig 2.17). These modifications of the absorption spectra and the enhanced photostability suggest
a coupling between the dye and the plasmonic nanoparticles inside the pGels. In contrast, for [Dye]o
=250 uM, the absorption peak is still at 790 nm (Fig 2.16b) and the sample is not photostable, similarly
to Gel@Cy, suggesting only a partial coupling between the dyes and Au NPs. This highlights the
dominant contribution of the dye over the Au NPs in the absorption spectra of Gel@dye@Au)

prepared with high dye concentration.

With a further encapsulation of Au NPs (x = 5), the absorption associated with the dye vanishes for
[Dye]o = 50 uM while it is very weak and hardly detectable for [Dye]o = 250 uM, in agreement with
the UV-Vis spectra. However, the PA coefficient at 790 nm is about 2.4 times larger for [Dye]o = 250
uM than for [Dye]o = 50 uM, which shows indirectly that the increase in dye loading has an effect on
the PA signal. Interestingly, the Gel@dye@Au) were found photostable and even an enhancement
of the PA signal was observed that could be attributed to a local heating of the surrounding of the
plasmonic NPs with the repetitive illuminations, that could enhance the Grineisen coefficient

compared to the initial conditions.
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Figure 2.17 Photostability of Gel@Cy and Gel@Cy@Au(z,5) samples prepared from (a) [Cy]o= 50 uM
and (b) [Cy]o=250 puM. Each sample was illuminated 900 times at 780nm at 3.8 mJ.cm. The PA
coefficients were averaged over 15 successive laser pulses and were normalized to the first value.

For Gel@dye@Au(), the PA spectra were only slightly affected by the pH change, in agreement with
the UV-vis spectra shown in Figure 2.7. However, the spectral shape was modified for Gel@dye@Aus)
and a significant increase of the PA coefficient was observed when the pH decreased from pH 7.5 to
5.5. At 800 nm excitation, the PA coefficient increased by a factor of ca. 3 and 2 for [Cy]o = 50 uM
and [Cy]o = 250 uM, respectively (Fig. 2.16). These results, which indicate a plasmon modification
induced by the pH change in agreement with Figure 2.7 (UV-vis spectra), allow to quantify the
influence of pH independently of the scattering modifications induced by the gel contraction.
Interestingly, the photostability curve of Gel@dye@Au) at pH 5.5 (Fig. 2.17b) revealed a strong
enhancement of the PA signal with the repetitive illuminations, higher than that observed at pH 7.5,
suggesting that the pH-induced contraction of the uGels and the resulting plasmon coupling boosts

the local increase in temperature.

The change in the spectral shape induced by the pH decrease may not be sufficient to discriminate the
gels in acidic environment. However, the large increase in the PA signal could be used as a signature
to detect that the environment of the contrast agents has become acidic. As slightly acidic

microenvironments are observed in cancer tissues or inflamed area due to altered metabolic state?®,
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the pH sensitivity of the hybrid pGels is an interesting feature for their use as stimuli-responsive

photoacoustic contrast agents.

From the PA spectra, the molar absorption coefficients (epa) at A = 800 nm were estimated, by dividing
the PA absorption coefficients by the molar concentration of the hybrid pGels. As shown in Table 2.4,
the epa Vvalues of the hybrid uGels range between 0.8 and 6.6 x 10'° Mt.cm™. These values are
comparable to the extinction coefficients reported in the literature® for anisotropic gold nanostructures
such as gold nanocubes (¢ = 2.19 x 101° M?.cm™ measured at A = 808 nm), gold nanocages (g = 1 X
101 Mt.cm, & = 802 nm) or poly(sodium 4-styrenesulfonate)-coated gold nanorods (e = 1.45 x 10*°
M™.cm®, X = 785 nm). However, they are far superior to that of isotropic gold nanospheres (g = 3.6 x
10° M.cm? at A = 506 nm), which are similar to the NPs which were encapsulated in the pGels.
Therefore, although the spectral shapes of Gel@Cy@Au( 5y samples do not exhibit a pronounced peak
in the NIR, their high molar absorption coefficients at A = 800 nm and their pH-sensitivity are key

assets for photoacoustic imaging*?®.

Table 2.4 Molar absorption coefficients (era) 0of Gel@Cy and Gel@Cy@Au = 1,5 samples at A =800
nm, calculated by dividing the PA absorption coefficients by the molar concentration of the hybrid
uGels (7 x 10 mol.L™Y) used for the PA experiments.

M-t.cm™) at pH
Samples ea (Micmt)atpH 7.5 & ( )atp
[Cylo =50 uM
Gel@Cy 1.4 x 1010 -
Gel@Cy@Au 0.8 x 10'° 0.8 x 10%°
Gel@Cy@Au(s) 0.7 x 10'° 2.0 x 10%°
[Cylo = 250 &M
Gel@Cy 9.1 x 101 -
Gel@Cy@Au) 6.1 x 1010 6.6 x 1010
Gel@Cy@Augs 1.8 x 1010 3,8 x 100
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2.3 Materials & Methods

2.3.1 Materials

Poly(ethylene glycol) diacrylate (OEGDA, Mn= 575 g.mol?), Di(ethylene glycol) methyl ether
methacrylate 95% (MEO.MA, Mn=188.22 g.mol 1), Poly(ethylene glycol) methyl ether methacrylate
(OEGMA, My=300 g.mol 1), methacrylic acid (MAA, M,=86.09 g.mol?) and potassium persulfate
(KPS) were purchased from Sigma-Aldrich for the synthesis of microgels. Gold(l1l) chloride
trihydrate (HAuClz-3H20), sodium tetrahydridoborate (NaBH.) and tri-sodium citrate dihydrate
(NaCi) were purchased from Sigma-Aldrich for the synthesis of gold nanospheres (Au NPs).
Hydrochloric acid (37%, AnalaR NORMAPUR) and Sodium Hydroxide (NaOH) were purchased
from VWR Chemicals and Sigma-Aldrich, respectively for adjusting the pH. Methylene blue (MB)
and rhodamine 6G (R6G) were purchased from Sigma-Aldrich, Cyanine7.5 amine was purchased from
Lumiprobe. DMEM Medium (Glutamine-Max), Fetal Bovine Serum (FBS), 0.25% Trypsin-EDTA
(1X), Dulbecco’s Phosphate Buffered Saline [-] CaCly, [-] MgCl. (DPBS), Penicillin Streptomycin
100 x (respectively 10,000 Units/mL and 10,000 pg/mL Streptomycin (PS) and Alamar blue were

purchased from Thermofisher Scientific for in vitro studies.

2.3.2 Synthesis of gold nanoparticles (Au NPs)

Gold nanospheres were synthesized using NaBH4 as a reducing agent, yielding Au NPs with an
average diameter of 3.8 0.9 nm. Briefly, 3 mL of 0.1 M aqueous stock solution of sodium citrate,
0.3 mL of 0.1 M gold(l11) chloride trihydrate solution and 55.5 mL of deionized water were added in
a 100 mL flask equipped with a stir bar. The reaction solution was cooled down to 0 °C in ice bath
under stirring (600 rpm). Next, 360 uL of 0.1 M NaBH4 solution was added drop by drop until the

resulting solution turned red.

2.3.3 Synthesis of oligo(ethylene glycol) methyl ether methacrylate-based microgels
The thermo- and pH-responsive pGels were synthesized as described previously.!® Briefly, 0.221
mmol MAA, 0.36 mmol OEGMA, 3.3 mmol MEO>MA and 0.14 mmol OEGDA cross-linker were

dissolved in a round-bottom flask with 40 mL of distilled water and purged with Ar for 1 h. The
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reaction solution was then stirred at 400 rpm and heated to 70°C. Then, 5 mg of KPS dissolved in 10

mL purged water were injected and the reaction solution was left to react for 5 h.

2.3.4 Assembly process to yield hybrid microgels with fluorescent dyes and Au NPs

1 mL of pGels solution (17.3 g.L ™) was washed by 2 cycles of centrifugation at 7000 rpm for 15 min
and redispersion in 1 mL of DI water. The pH of the pGels dispersion was adjusted to 6.8-7.2 by
adding NaOH. Various amounts of fluorescent dyes (methylene blue, rhodamine 6G and cyanine 7.5
amine) were added in the pGels solution to prepare the stock Gel@dyes solution (final concentrations
of each dye: 50 uM or 250 uM). After 48 hours, the dye-loaded uGels were purified by one cycle of
centrifugation and redispersion in 1 mL of DI water. Next, 900 pL of the Au NPs solution
([AUatom]=0.5 mmol.L?, [Au NPs] = 0.3 umol- L) were added into 100 pL of dye-loaded pGels
solutions. The solution was left to react for 24 hours. The uGels loaded with both Au NPs and dyes
were then washed by 1 cycle of centrifugation at 7000 rpm for 15 min/redispersion in water to yield
Gel@dye@Au. The self-assembly process between the dye-loaded pGels and the Au NPs was
controlled by varying the number of incubation steps, from 1 single step to 5 steps, as follows: (i)
mixing of the Gel@dye with Au NPs solution ([Au NPs] = 0.27 umol.L™?); (ii) washing of the resulting
MGels via one cycle of centrifugation/redispersion; (iii) mixing of the Gel@dye@Au samples obtained
in the previous step with fresh solutions of Au NPs (at [Au NPs] = 0.27 umol.L™?). This three-steps

process was repeated up to five times, leading to uGels densely filled with Au NPs.

2.3.5 Characterization techniques

The morphology of Gel@dye@Au samples was observed by Tecnail2 transmission electron
microscope (FEI, The Netherlands). The hydrodynamic diameter was measured by dynamic light
scattering (DLS, Malvern), as a function of pH and temperature. The UV-Vis absorption and
fluorescence emission spectra were acquired using a UV-Vis spectrometer (Shimadzu 2700, Japan)

and a cuvette with an optical path length of 1 cm and a fluorimeter (Hitachi F7000, Japan), respectively.

2.3.6 Cell culture, dark cytotoxicity and Phototoxicity
CT26 colon cancer cells were cultured in DMEM Medium (Glutamine-Max), FBS 10%, Penicillin

Streptomycin 1x at 37°C and 5% CO,. Dark cytotoxicity of uGels was assessed on CT26 colon cancer
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cells. Cells were seeded at a density of 10,000 cells/well in 500 pL of medium in 48 well plate and
incubated overnight. Then, the medium was renewed with 350 puL of fresh medium containing 5 pM
Gel@dye@Auw prepared from [Dye]o=50 uM or 250 uM and with different Au NPs loading (x=1
and x=5). After 24 h of incubation, the medium was removed and the excess of NPs was washed with
500 uL of PBS once. Then, 200 uL. of DMEM without phenol red were added to each well. Cells were
incubated for additional 18h and cytotoxicity was investigated by replacing the medium with fresh
200 pL medium without FBS containing 10% alamar Blue. 200 pL of each 48 wells were transferred
to wells from a non-transparent 96 well plate and fluorescence intensity was measured in a plate reader

(Ex 560 Em 590) (SpectraMax iD3, Molecular Devices, US).

Phototoxicity was measured in the same way as dark toxicity but a photothermal treatment was
performed before the 18 h incubation. For this, each well was exposed for 10 minutes to an 808 nm

laser at 1 or 2 W/cm? (CNI FC series Fiber Coupling Laser system).

2.3.7 Cell uptake of hybrid uGels

CT26-Luc cells were seeded in 6-well plates at a density of 1.2x10° cells/well and cultured for 24 h.
Then, the culture medium was replaced by 2 mL of medium containing the desired concentration of
Gel@dye@Au) (prepared from [Dye]o=50 uM and 250 uM, with x=1 and x=5 ) and incubated with
cells for 5 min at 4°C, 6 h and 24 h at 37°C. After incubation, cells were washed by PBS for three
times and the nuclei were stained by hoechst 33342. Cellular imaging was performed with a Cell
Insight™ CX7 HCS Platform (Thermofisher) (Hoechst: Ex. 405nm, Em. 446/37nm; R6G: Ex. 561nm,
Em. 600/41nm; MB: Ex. 647nm, Em. 677/34nm; Cy7: Ex. 785nm, Em. 805nm).

2.3.8 Photothermal experiments

Gel@dye@Au solutions with fixed uGel (1.73 mg.mL™?) and dye concentration (with initial dye
concentration [Dye]o = 50 uM) but with different Au NPs loading (from no Au NPs to 50 mg.g™ for
x=1 and 250 mg.g* for x=5) were exposed to a continuous wave CNI FC series Fiber Coupling Laser
system with a wavelength of 808 nm and a density of 1.1 W/cm? for 300 s. The density was calculated
by dividing the power after fiber, which is measured using a power meter PM400KS5 thorlabs, with the

surface of the laser beam. The temperature of samples was measured in Eppendorf micro centrifuge
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tubes of 0.5 mL. Illumination from the laser was directed directly on the sample from the top, thanks
to a fiber. The infrared camera FLIR t430sc recorded the temperature from the side. From the film
thus obtained, we are able to delineate a Region of Interest (ROI) around the hot spot. The temperature

obtained is the average temperature of each pixel located in this ROLI.

2.3.9 Photoacoustic spectroscopy

A calibrated photoacoustic (PA) spectrometer based on a conventional photoacoustic system was used.
The system is detailed in Refence!?®. Only the main specifications are presented here. The sample
solutions were injected in PTFE tubes of inner diameter 200um, immersed in a water bath maintained
at 25°C, and imaged successively at 30 optical wavelengths between 680 nm and 970 nm by steps of
10 nm. A tunable nanosecond laser with a pulse repetition frequency of 20Hz was used. The laser
fluence at 780 nm was around 3.8 mJ.cm. 15 successive scans of the optical wavelengths were
performed and the ultrasound data were averaged before the image formation. Blank datasets were
acquired by filling the tubes with ultrapure water and were subtracted to the ultrasound signals for a
baseline correction. Photoacoustic images were formed and the amplitude of the tube on the image
was measured for each optical wavelength. A calibration was performed with a reference solution of
pentahydrate copper (I1) sulfate at 250 mM to convert this amplitude in a PA coefficient directly
proportional to the decadic absorption coefficient of the solution. The proportionality factor between
the PA coefficient and the decadic absorption coefficient is named photoacoustic generation efficiency
(PGE) and is the product of the photothermal conversion efficiency (conversion efficiency of the
absorbed optical energy to heat) and the Griineisen coefficient relative to water (conversion of the heat
energy to ultrasound waves). The PGE is equal to one for a sample for which the absorbed energy is
fully converted into pressure in a medium with the Griineisen coefficient of the water. The PA
coefficient is expressed in cm™, and is equal to the decadic absorption coefficient for a solution with
a PGE equal to 1. The PGE of the microgels was not determined here. For each sample, the PA
coefficient was measured eight times (two injections in four tubes). The PA spectra correspond to the

median value and the error bars to the median absolute deviation with a scale factor 1.4826.

0.1 M HCl was used to adjust the pH of the hybrids for the Gel@Cy@Au samples studied at pH =5.5.

The decrease in pH from 7.5 to 5.5 was performed 30 min before the spectral measurements. To keep
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the measurement range within the detection limit of PA setup, we concentrated the hybrid gels with
low Au NPs loading (Gel@Cy@Au() with x=1) twice by D.l water for PA measuring. It is worth
noting that due to the fact that the hybrid gels easily adhere to the wall of the centrifuge tubes during
the preparation and transfer process, a certain degree of sample loss was observed. The photostability
of the solutions was evaluated by illuminating the sample with 900 successive laser pulses at 780 nm
with a laser fluence of 3.8 mJ.cm2. The PA coefficient was assessed for each Laser pulse and the mean

of 15 successive iterations was computed for a better signal to noise ratio.

2.4 Conclusion

In summary, we have proposed a straightforward strategy for the rational design of well-defined smart
nGels filled with dyes and Au NPs assemblies. Depending on the initial concentrations of the different
building blocks during the assembly process and the number of incubation steps between the nuGels
and Au NPs, the resulting hybrid materials exhibit various loading levels and well-defined internal
organization of Au NPs inducing tunable plasmon coupling and unique optical properties.

Characterization of the samples using UV-vis extinction, fluorescence and photoacoustic spectroscopy,
TEM, SAXS and DLS revealed that the final hybrid networks integrate the key features of each
component, including the high loading capacity and stimuli-responsive behavior of the hydrogel
matrix, the fluorescence of the dyes and the optical and photothermal response of plasmon-coupled
Au NPs assemblies. Upon temperature or pH stimuli, the hybrid nGels platforms were shown to shrink
or swell, resulting in modifications of the organization and interactions of Au NPs trapped within the
polymer matrix. In the case of nGels densely filled with Au NPs, such as Gel@dye@Aus), the
temperature or pH stimulation could be used to induce plasmon coupling between the aggregated Au
NPs, which resulted in plasmon band broadening and red shift towards the near infrared region (NIR),
a key feature for biomedical applications. Photothermal experiments showed that the Gel@dye@Augs)
samples display high heating capacities under NIR laser excitation, with an enhanced effect upon pH
decrease, probably due to plasmon coupling. Interestingly, the dyes loaded within the nGels could act
as fluorescence tracers to visualize the pGel uptake by colon tumor cells, while the dark cytotoxicity

of the three different dyes was much lower in uGels in comparison to the free dyes. Importantly, the
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photoactivation of tumor cell monolayers exposed to the uGels induced important cell death, that can
be used for precision photothermal therapy. Moreover, as determined by photoacoustic spectroscopy,
the hybrid pGels exhibit high molar absorption coefficients at A = 800 nm, comparable to the ones of
anisotropic gold nanostructures reported in the literature. Another important characteristic is the higher
PA amplitude obtained at pH 5.5 compared to pH 7.5 and the enhanced photostability of the hybrid
samples compared to free Cy or Gel@Cy. Therefore, although the synthesis methodology proposed
herein relies on small, spherical Au NPs, with no particular signal in the NIR, the strategy which
consists to assemble them within smart thermo- and pH-sensitive microgel platforms loaded with dyes

offers unprecedented opportunities for better controlled photothermal therapy and bioimaging.
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Chapter 3. Insight into cellular uptake and
intracellular degradation of hybrid microgels loaded

with dyes and gold nanoparticle

3.1 Introduction

In the previous chapter, we have proposed an innovative approach to elaborate smart nanocomposites
made of hydrogel particles loaded with dyes and gold nanoparticles and we have evaluated their
potential for photothermal therapy and photoacoustic imaging. While most studies reported up till now
on similar nanocomposite systems have been centered on their synthesis and characterization as well
as on their uptake by cells and potential applications in nanomedicine, only few works have focused

on the study of their fate within cells and intracellular transformation processes.

We fill this gap in the present chapter by performing an integrated study using complementary imaging
techniques, i.e. TEM, Raman and fluorescence to investigate the biodegradation and transformation
of the hybrid uGels by monitoring their structural and optical properties as a function of time after
their internalization within cells. In this study, we focused exclusively on the densely filled
Gel@dye@Au) samples (prepared from initial dye concentrations [dye]o = 50 uM and with x =5
incubation steps with Au NPs), which exhibit tunable optical properties depending on pH and

temperature.

3.2 Results & Discussion

3.2.1 TEM analysis after pH and NIR light stimulation

Prior to monitoring the transformation of the puGel in cellular environnement, we investigated in more
detaisl the influence of acidic environment mimicking the lysosomal pH and NIR light stimulation on
the structural properties of the uGel. In acidic environment (pH 5.5) and after laser irradiation with

808 nm laser at 2W/cm?, the morphology of the Gel@dye@Aus) samples changed, as observed in Fig.
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3.1. Indeed, the pGels shrinked and the Au NPs inside them aggregated and even fused to form bigger
ones (~ 5-18 nm, as calculated on more than 200 NPs using the software Image J), as indicated by the
white arrows in the zoom of the TEM pictures.
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Figure 3.1 (a) TEM images and size distribution of Gel@R6G@Aus), (b) Gel@MB@Aui and (€)
Gel@Cy@Aus). The right side images correspond to a zoom of the TEM pictures in order to emphasize the
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evolution of the aggregation state of the Au NPs within the uGel matrix. The white arrows indicate NPs which
seem to have fused together. The histograms correspond to the Au NPs size distribution inside the hybrid uGels
before and after pH and laser stimulation, as estimated using the software Image J (n>>200). The samples were
prepared from [Dye]o= 50 uM and x = 5 (incubation steps).

3.2.2 SERS-fluorescent encoded particles as dual-mode optical probes

The introduction of dyes and Au NPs within the uGels is expected to impart them dual properties
based on fluorescence and SERS. To evaluate these dual properties, the fluorescence spectra were
recorded in water (at 0.04 nM) while the SERS spectra were recorded on dried drops (1 uL) deposited
on glass plates. The presence of the dyes only in Gel@dye samples lead to intense fluorescence peaks
(Fig. 3.2a) with emission at Arrec) = 560 nm, Arme] = 686 nm and Arcy; = 815 nm. However, in the
absence of Au NPs, no Raman signal could be detected (Fig. 3.2b) due to the low amount of dyes
trapped within the uGels and to the fact that Raman scattering is a weak effect. Typically, only about

one in 10 million scattered photons are Raman scattered.
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Figure 3.2 Fluorescence and Raman spectra of the hybrid uGels at 0.04 nM: (a) Fluorescence spectra of
Gel@dye and (b) Raman spectra of Gel@dye. (c) Fluorescence spectra of Gel@dye@Aus) and (d) Raman
spectra of Gel@dye@Aues). The Gel@dye samples were prepared from [Dye]o = 50 uM. The fluorescence
spectra were recorded in water while the SERS spectra were recorded on dried drops (1 uL) deposited on glass
plates.
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Interestingly, the introduction of Au NPs inside the hydrogel network (in Gel@dye@Au samples)
completely reverses these signal intensity contrasts between fluorescence and Raman. Indeed, the
fluorescence of the dyes appear switched off (Fig. 3.2c), probably due to their quenching by the Au
NPs while their Raman signals are clearly visible due to surface-enhanced Raman scattering provided
by the proximity with Au NPs (Fig. 3.2d). The characteristic peaks of the dyes and their assignment,
based on the literature, are detailed in Table 3.1. The loading of Au NPs thus offers an easy means to

switch on the SERS spectra and off the fluorescence signal.

Table 3.1 Assignment of Raman bands of R6G, MB and Cy in Gel@dye@Au), based on a literature survey.

Raman shift . Raman shift .
Dyes 4 Assignment 4 Assignment
(cm™) (cm™)
1183 C-H in-plane bending** 1514 aromatic C-C stretching?®
R6G 1284 C-O-C antisym stretch 1619 aromatic C-C stretching*?®
1365 aromatic C-C stretching’?®
. C-H in-plane ring
922 C-H out-of-plane bend 1362 .
out-ot-plane bending deformation?®
MB 1131 C-H in-plane bending 1441 N-C-H in-plane bending**°
. Stretching of C-C/C-N
1265 C-N stretching 1623 reiening © 131
rings
. C-N stretch (Amide 111
927 C-H out-of-plane bending 1431 stretch (Amide
band)
Cy 1132 C-H in-plane bending 1510 NHs" deformation
1343 C-N stretching 1610 Benzene ring in aromatic
compounds

The effect of the pH stimulus was investigated by decreasing the pH of the colloidal solution to 5.5 in
order to simulate the lysosomal environment. The SERS spectra of the dried drops at pH 7.5 and pH
5.5 are compared in Figure 3.3. It appears that the pH decrease generates a strong increase of the
Raman signals of about 5 -20 times. This observation can be explained by the plasmon coupling
triggered by the aggregation of Au NPs upon pH-induced pGel collapse, in agreement with the UV-
vis extinction spectra and TEM images displayed in Chapter 2. These results demonstrate the potential

of Gel@dye@Aus) as pH-sensitive Raman/SERS probes.
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Figure 3.3 Raman images and spectra of Gel@dye@Aus) samples at pH 7.5 and pH 5.5, recorded on dried
drops (1 uL) deposited on glass plates: (a) Gel@R6G@Aus), (b) Gel@MB@Aus) and (¢) Gel @Cy@Aus). The
Raman images are on the left side and the SERS spectra are on the right side.
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3.2.3 Surface enhanced Raman signal of the hybrids upon cellular uptake

To test the effect of cellular internalization of the hybrid pGels, we incubated the Gel@MB@Au with
fibroblasts for 24 h to investigate intracellular Raman signal. The specific Raman signal of dyes is
detectable within fibroblasts and matches the Raman spectrum of dry drop at pH 5.5 rather than that
at pH 7.5 (Fig. 3.4), suggesting internalization of hybrid gels in intracellular acidic compartments such

as endo-lysosomes.
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Figure 3.4 Comparison of the Raman signals recorded in the intercellular environment and on dried
drops of Gel@MB@Au). The spectra of the dried drop are baseline-corrected and peak intensity
normalized.

3.2.4 Comparison of the fluorescence and Raman intensity changes to investigate intracellular
processing of hybrid uGels

Based on the unique properties of the hybrid uGels, we used the dye molecules as both "Raman™ and
"fluorescence” probes to investigate the intracellular processing, biotransformation and degradation
of hybrid materials in primary fibroblasts in vitro through dual-mode imaging. For that purpose,
following a methodology proposed by our group in Balfourier et al.1® in order to investigate long term

transformation of nanomaterials in cells, we cultured the fibroblasts with low serum level (2%) to
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inhibit massive cell division and subsequent dilution of the uptaken particles in cells. With such
protocol, we can observe the fate of nanostructures upon their processing or metabolization by cells.

We thus investigated both Raman and fluorescence signal of the hybrids upon their internalization in
fibroblasts and intracellular ageing up to 7 days after exposure in fibroblasts. Overall our main
observation is that cell internalization and intracellular ageing transform the optical signature of
hybrids from a SERS ON / Fluorescence OFF state (when the AuNPs are still closed to each other and
to the dye in puGels inducing the presence of electromagnetic “hot spot” and SERS effect, while
quenching the dye fluorescence) to a SERS OFF/Fluorescence ON behavior after few days in cells.
Indeed, after uptaken by fibroblast cells for several days, the conformation of the hybrids can change
modifying the Au NPs organization and the coupling between Au NPs and fluorescent dyes. Hence
the change in dual SERS/Fluorescence properties of the hybrids witnesses their intracellular
transformation. Below we describe in details the evolution of the hybrids optical properties before

investigating their intracellular distribution and transformation with optical and electron microscopy.

3.2.5 Intracellular evolution of Raman signature

The average Raman spectra of fibroblasts exposed to three types of Gel@dye@Au) for 24h were
taken by CLS analysis of Labspec 6 as shown in Figure 3.5. We compared the Raman intensity at
different days after the initial exposure to the hybrids (1 day (soon after 24h incubation with the
hybrids), 4 days and 7 days after exposure) by performing Raman imaging of individual cells and
subtracting the experimental results from the baseline. The results showed that upon time in cells, the
Raman signal specific to the hybrids gradually weakened or even disappeared. We see no signal for
R6G on day 7 and no signal for Cy7.5 from day 4. This indicates that the structure of the hybrid uGels
has been transformed or even degraded from the 4th day, drastically diminishing the electromagnetic

coupling between the dyes and the Au NPs.
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Figure 3.5 Raman spectra of Gel@dye@Aus,) after cellular uptake by fibroblasts at day 1, day 4 and
day 7.

Fibroblasts incubated with Gel@MB@Au) were also observed by Raman imaging and bright field
microscopy at the different days post-exposure (Figure 3.6). The black spots on bright field which
represent the uGel composites are obviously uptaken around the nuclei of fibroblasts. From day 1 to
day 7, there is no obvious change in cell morphology. The red channel refers to the signal of MB
(peaks in the region of 360-1800 cm™) and the green channel corresponds to the signal of cells (lipid
peaks at ca. 2800-3000 cm™). From the results of day 1, the merged image shows that the MB signall
can be located into cells. Clearly, the distribution of red spots is limited in certain region, possible due
to the formation of Au NP agglomerations in lysosomes, inducing SERS effect for MB and
intracellular lipidic membranes. At day 4, the Raman image contrast (both red and green maps)
becomes lower because of weaker signals detected with respect to day 1 suggesting degradation of the
hybrid structure reducing the electromagnetic coupling between Au NPs and MB or between Au NPs
and cellular lipids. In day 7, the red and green map are almost invisible because of the continuous
decreasing of MB and lipid Raman signals. Actually, the MB signals nearly vanish, and only weak

cell peak remains. All above results support the biodegradation of Gel@MB@Aus) within 7 days.
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Figure 3.6 Results of Raman imaging experiments to monitor intracellular transformation of hybrid
uGels in fibroblast cells incubated with Gel@MB@Aus). Raman red maps represent the MB signal
(baseline corrected to avoid MB and cell autofluorescence) and are highlighted in the red region of the
spectra; the green map corresponds to the cell signal without baseline correction (highlighted in green
in the right hand side spectra) to take into account the cell autofluorescence. The merged images
correspond to overlay of optical, red and green maps.

3.2.6 Intracellular evolution of fluorescence signal

In order to monitor the evolution of the fluorescence properties of Gel@MB@Au(s) in fibroblasts, we
performed high content screening microscopy using Cell Insight CX7, comparing nuclear staining
with Hoechst, MB fluorescence and bright field images of cells incubated with the puGels for 2 h, 6 h
and 24 h (day 1), or let for culture for 4 or 7 days after exposure to the uGels (Figure 3.7). At short
time-points of incubation, we can clearly see on bright field images the isolated or clustered pGels
outside the cells that appeared as black dots due to their high loading with Au NPs. Importantly they
are not visible in the fluorescence channel of MB. Indeed, when Au NPs and MB are close to less than
5 nm, the MB fluorescence is quenched which seems to be the case in the extracellular uGels. However,
after the hybrid uGels are taken up by cells (from day 1 in fibroblasts), the MB fluorescence appears,

showing intracellular punctuated distribution that is not colocalized with the black microstructures.
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Importantly the black dots (featuring the distribution of clustered AuNPS) are also found intracellular,
probably accumulated in lysosomes. At day 4, the MB fluorescence becomes brighter with a more
diffuse intracellular distribution suggesting intralysosomal and cytoplasmic release of the dye,
independently of Au NPs. At day 7, both AuNPs and fluorescence signals are still intracellular with
dimer intensities and with distinct localization. This suggests that hybrids undergo a process of
disassembly once taken up by cells with distinct fate and relocation of Au NPs and MB dye. The
hypothesis of the dye moving away from the gold nanoparticles is consistent with previous results

showing that the hybrid’s SERS signal gradually weakened over time in cells.
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Figure 3.7 Cellular uptake process of Gel@MB@Au ) after incubation with fibroblasts for 2h, 6h, 1
day, 4 days and 7 days observed by Cell Insight CX7. The proximity of Gel@ MB@Aus) (black points)
and methylene blue (red points) are marked by orange arrows.
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3.2.7 Subcellular nanoscale transformations of the hybrid uGels inside fibroblasts

In order to investigate the subcellular localization and structural transformation of the hybrid pGels at
the nanoscale in cells, electron microscopy was performed on cells fixed at different time-points after
exposure to the of Gel@MB@AuU). Figure 3.8a shows that the conformation of the hybrid uGels has
changed after being taken up by the fibroblasts for 24 h. In comparison to the TEM pictures in Fig 3.2,
we observed that the uGels keep their original spherical shape and size, but that the Au NPs are mostly
segregated at the periphery of the uGels. uGels are seen as empty structures surrounded by a dense
shell of Au NPs, mostly located and assembled within membrane bound intracellular structures. It
suggests that the hybrid materials assembled by weak physical interactions (i.e. electrostatic, van der
Waals forces and hydrogen bonds) are destabilized upon cell internalization and pH lowering with
evident segregation of Au NPs on the periphery.

Nevertheless, we can suppose that the “"gold nanorings” produced by the intracellular conformational
changes can still support a SERS effect on MB or intracellular lipid membranes at day 1.

In contrast, from day 4, the Au NPs were partially degraded and aurosomes structures appeared as
already observed by our group in fibroblasts after internalization of 4 nm Au NPs!%. The aurosome
structure consists in curved self-assembly of sub 2.5 nm gold nanoparticles that results from the
oxydative degradation of Au NPs by intracellularly produced reactive oxygen species and from
recristallisation process involving methallonioneins. Aurosomes are observed in the vicinity of intact
original Au NPs. By day 7, we found more aurosomes inside the cells which indicate the further
degradation of Au NPs.

Although the pGel empty structure is still observable at day 7, the Au NPs clearly changed their
distribution with evident segregation and aurosome formation. In view of such structural
transformation of Au NPs, independent from the uGel structure, we can hypothesize that the MB dye
escapes from the direct vicinity of Au NPs (or aurosomes) loosing SERS amplification of the Raman

signature and enhancing fluorescence.
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Figure 3.8 Degradation of Gel@ MB@Aus,) after incubation with fibroblasts for 1 day, 4 days and 7
days observed by TEM.
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3.2.8 Photothermal therapy

We next investigated the photothermal toxicity of the hybrid gels by Alamar blue assay, after 2 W/cm?
808 nm laser irradiation on fibroblasts incubated with Gel@dye@Aus) for 24 h and compared it to to

the cytotoxicity observed without irradiation (Figure 3.9).
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Figure 3.9 Mid-term cytotoxicity test by alamar blue of Gel@R6G@AuUE), Gel@MB@Aus) and
Gel@Cy@Au) on fibroblasts at day 1 (a), day 4 (b) and day 7 (c) after exposure. (d) Heating
properties of fibroblast cell pellet incubated with Gel@dye@Au) and exposed to 808 nm laser. Cell
pellets were collected in 100 uLL. DMEM without phenol red before irradiation. (€) Phototoxicity on
treated fibroblast pellets at different laser irradiation powers (1W and 2W/cm?) with Gel@dye@Aus)
([dye]=0.42 uM, [Au NPs]= 22.5 uM). (f) Temperature increase in treated fibroblast pellets with two

laser irradiation powers. (g) Morphology of fibroblasts after exposure to 808 nm laser at 2W/cm? for
5 min and re-culture with complete medium overnight.

Fig 3.9 a,b,c shows the dark toxicity (without irradiation) of the Gel@dye@Aus) at different
concentrations and time after exposure. No significant toxicity is observed at low Gel@dye@Aus)
concentration, whereas the highest concentration, particularly for R6G and Cy shows a larger toxicity
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at day 7, probably linked to the intracellular release of free dyes. After laser irradiation of cell pellet
and re-culture with complete medium overnight, we observed that most of the cells were dead and the
shape turned round after the irradiation (Fig 3.9g). Figure 3.9d shows the heating properties of
fibroblast cell pellet previously incubated with Gel@dye@Au) and exposed to an 808 nm laser. The
temperature of the pellet increased to 50-55 °C after exposition to the laser at 2W/cm? for 5 min,
enough for inducing the apoptosis of cells. From Figure 3.9¢, we could see the obvious phototoxicity
of Gel@dye@Au). Before irradiation, around 80% cells survived. However, after exposure to the
laser, only 10%-30% cells were alive. This results suggest that Gel@dye@Au) are promising agents
for photothermal therapy. It will be necessary to investigate the light to heat conversion and
photothermal toxicity of the hybrids at later time points in fibroblasts to evidence the effects of hybrid

biotransformations on their intracellular photothermal properties.

3.3 Materials&Methods

3.3.1 Hybrid microgel preparation

The hybrid microgels were prepared according to the protocol described in chapter 2. Briefly, 1 mL
of bare microgel (17.3 mg. mL 1) and 5 uL of 102 M fluorescent dyes (Rhodamine 6G (R6G),
methylene blue (MB) or Cyanine 7.5 amine (Cy)) were mixed and incubated at 4°C. After 48 h, the
free dyes were removed by 1 cycle of centrifugation/redispersion in water at 7000 rpm for 7 min. The
protocol with 5 incubations steps described in Chapter 2 was then applied in order to get

Gel@dyes@Au).

3.3.2 Cell culture
Deidentifified human skin primary fibroblasts were cultured in DMEM Medium GlutaMax medium
(Gibco) containing 10% fetal bovine serum (FBS) and 1% of a solution of Penicillin Streptomycin

respectively 10,000 Units/mL and 10,000 pg/mL) (Gibco) at 37°C in 5% CO2 humidified atmosphere.
P y Hg

3.3.3 Mid-term cytotoxicity
After the 24h uptake of uGels by cells, the medium was removed and exceeding nanoparticles were
washed with 500 pL of PBS once. Then fresh 300 pL of medium without FBS and without phenol-

red and containing 10% Alamar Blue were added to each well. 200 uL of each 48 wells were
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transferred to wells from a non-transparent 96 wells plate and fluorescence intensity was measured in

a plate reader (Ex 560 Em 590) (SpectraMax iD3, Molecular Devices, US).

3.3.4 Phototoxicity

Fibroblast seed in 6-well plate at density of 80 000 cells/well overnight. 6 mL of Gel@dye@Augs,)
were incubated with fibroblasts for 24h (2 mL for each well and 3 wells for pGels with one irradiation
condition). After the 24h uptake of pGels by cells, the medium was removed, and exceeding
nanoparticles were washed with 2 mL of PBS once. Cell pellets were collected and dispersed into 100
uL DMEM (without Phenol red) then irradiated with an 808 nm laser at light fluence of 1 or 2 W/cm?
for 5 min, and re-cultured in 6 well plate with complete medium overnight. The cell viability was
tested by replacing medium with fresh 2 mL of medium without FBS and without phenol red and
containing 10% Alamar Blue and fluorescence intensity was measured in a plate reader (Ex 560 Em

590) (SpectraMax iD3, Molecular Devices, US)

3.3.5 Transmission Electron Microscopy - characterization of hybrids

200 pL of Gel@dye@Au suspensions were irradiated with a 808 nm laser at 2W/cm? for 5 min. Then
3 uL of the heated suspension was dropped onto a carbon grids. The drops deposited on the TEM
carbon grids were heated for 1 min more with the 808 nm laser at 2W/cm? and then let to dry on the

grids.

3.3.6 TEM characterization of the hybrids inside cells in function of time

After the 24h uptake of uGels by cells, the medium was removed and exceeding nanoparticles were
washed with 500 puL of PBS once. Cells were further incubated for 4 days or 7 days in medium 2%
FBS except for the condition day 1 where the cells were immediately fixed. Medium was removed
and the cells were rinsed 3 times with 0.2M Cacodylate solution for 3 times. Then the cells were fixed
with 0.1M sodium cacodylate buffer which contain 2% glutaraldehyde for 45 min at room temperature.
The fixing solution was replaced with 0.2 M cacodylate buffer at 4 ° C and samples were incubated 1
h. The Buffer was then replaced with fresh 0.2 M Cacodylate buffer and the samples were kept at 4 °
C until inclusion. Samples were then contrasted with Oolong Tea Extract (0.5% in cacodylate buffer),
osmium tetroxyde (1% in cacodylate buffer), and potassium cyanoferrate (1.5% in cacodylate buffer).

They were then gradually dehydrated in ethanol (25 to 100%). The samples were then substituted
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gradually in propylene oxide, a mix of propylene oxide and Epon, and finally, embedded in pure Epon
(Delta microscopie, Labege, France). Thin sections (70 nm) of samples were collected on 200-mesh
grids. Observations were performed on Tecnai 12 microscope (Platform Imago seine, Institut Jacques
Monod, UMR7592, National Center for Scientifific Research [France]/Universite Paris Diderot, Paris,

France and operated at 80 kV.

3.3.6 Raman imaging

After the 24h uptake of hybrids by cells, the medium was removed and exceeding nanoparticles were
washed with 500 pL of PBS once. Cells were further incubated for 4 days or 7 days in medium 2%FBS
except for the condition day 1 where the cells were immediately fixed. Cells were washed by ice DPBS
10 times to remove excess particles and were fixed with 4% PFA 20 min at room temperature and then
washed 3 times with DI water for further analysis by Raman imaging (Laser 638 nm with power of

1%, Grating 300gr/mm, Objective 100x, Hole 100 pum, Acg. Time 6s/pt).

3.3.7 Fluorescence imaging

After the 24h uptake of hybrid uGels by cells, cells were washed by ice DPBS 10 times to remove
excess particles and were fixed with 4% PFA 20 min at room temperature and then washed 3 times
with DI water and stained by Hoechst 33342 (5 pg.mL™) for 5 min, and rinsed 3 times with DI water.

Samples were kept at 4°C for further microscopy analysis.

3.4 Conclusion

In this chapter, we have investigated the biotransformation process of Gel@dye@Aus). In this study,
we took advantage of the optical properties of gold nanoparticles to monitor the de-assembly process
and biotransformation of the hybrids pGel through fluorescence/Raman imaging as well as TEM. The
presence of gold nanoparticles provides an enhancement of the Raman signals of the dyes, which is
further enhanced 5-20-fold when the pH decreases to pH5.5. The intracellular evolution of the
Raman/Fluorescence signals of the hybrid uGels as a function of time allowed to investigate their
biodegradation process. The results show that the pGels undergo a process of de-assembly from day

1 with Raman ON/fluorescence OFF to day 4 with Raman OFF/Fluorescence ON. Moreover, the study
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of the subcellular nanoscale transformation of hybrids inside the fibroblasts reveals the
biotransformation of hybrids from dayl (segregation of gold nanoparticles at the gel periphery) and
the degradation of gold nanoparticles and formation of aurosome from day 4 to day 7, the later time-
point investigated. Overall, this dual-modal imaging approach allows to track the processes from the
degradation and disassembly of the hybrid uGels and has the potential to be a useful tool for

preliminary studies of the uGel transformation and tracing in lysosomes.

Collaborators

The results presented in this chapter have been obtained thanks to the joint efforts of several
collaborators, described below:

- The members of the group Nanobiospectroscopy: Yun Luo, Delphine Onidas, Philippe Nizard,
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Chapter 4. Raman reporters derived from aryl

diazonium salts for SERS encoded-nanoparticles

Summary

Abstract

Surface-enhanced Raman scattering (SERS) tags are usually prepared by immobilizing Raman
reporters on plasmonic nanoparticles (NPs) via thiol-based self-assembled monolayers. We
describe here the first example of SERS tags obtained by combining gold NPs and aryl diazonium
salts. This strategy results in robust Au—C covalent bonds between the Raman reporter and the NPs,
thus ensuring a high stability of the nanohybrid interface.

Main objectives

- Elaboration of SERS tags obtained by the surface functionalization of gold NPs by aryl diazonium
salts.

- Design of various SERS labels for cell Raman imaging, by changing the Raman reporter
fingerprints (bearing -CN, -NO2 or —-COOH groups).

Methods

- Creation of multifunctional layers and conjugation with biomolecules.

- Synthesis of AuNPs and spontaneous grafting of aryl diazonium salts.

- Use of three different aryl diazonium salts (bearing either -NO,, —-CN or —-COOH end groups) and
post-functionalization by adenosine monophosphate (AMP).

- Characterization of the hybrid particles by transmission electron microscopy (TEM), UV-vis
absorption, X-ray photoelectron spectroscopy (XPS) and SERS.

- Raman imaging of EGI-1 cells and CT 26 cells after uptake of the modified NPs.

Reference of the publication

Y. Luo, Y. Xiao, D. Onidas, L. lannazzo, M. Ethéve-Quelquejeu , A. Lamouri , N. Félidj, S.
Mahouche-Chergui, T. Brulé, N. Gagey-Eilstein, F. Gazeau, C. Mangeney. Raman reporters derived
from aryl diazonium salts for SERS encoded-nanoparticles. Chem. Commun., 2020, 56, 6822- 6825.
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4.1 Introduction

The popularity of surface-enhanced Raman scattering (SERS) tags has increased in recent decades,
as an alternative to fluorescent probes, due to their attractive properties.'3? Indeed, unlike the broad
spectral feature of fluorescence probes, SERS tags provide multiple sets of narrow peaks, resulting
in low spectral overlap and high multiplexing ability. Besides, a single light source can be used to
excite multiple Raman reporters, with negligible photobleaching, low background and a high
sensitivity that competes with that of fluorescence. Moreover, their low toxicity, compared to
quantum dots, has boosted their attractiveness for in vitro and in vivo biosensing.'*® SERS tags are
based on several key elements:13* a metal core providing the source of SERS enhancement, 3136 an
adsorbed Raman reporter molecule giving the spectral fingerprints, a protective shell to enhance the
stability of the adsorbed reporter molecule and a targeting entity to improve specificity. The stacking
of all these elements into a single SERS tag is a multi-step process which is usually
challenging.**” In particular, reduction of the colloidal stability of plasmonic nanoparticles during
the adsorption of Raman codes may lead to uncontrolled particle agglomeration. To solve this
problem, the use of polymers or the co-adsorption of small Raman reporters and long-chain thiols
was proposed, preserving colloidal stability all along the codification process.3 *° However, the
chemical stability of thiolate self-assembled monolayers (SAMS) is a critical issue for applications
in ambient and aqueous environments. Indeed, several studies have shown that SAMs desorb
spontaneously from the surface in aqueous solutions after only few days'#%142 and degrade upon
laser excitation.}*® Significant progress in stability have been obtained by using longer-chain
thiols,*** small amount of amphiphilic surfactant molecules*! or multidentate sulfur-based

adsorbates.*®

Nevertheless, the development of alternative surface chemical approaches enabling robust covalent
attachment of Raman reporters to plasmonic NPs can be expected to result in more significant
improvements of interfacial stability. Aryl diazonium salts have emerged in recent years as a new
generation of surface modifiers for plasmonic nanoparticles,**¢1%% in alternative to thiol-based
SAMs. These molecules present several advantages such as their ease of preparation, rapid grafting,

large choice of reactive functional groups and robust metal-C interfacial bonds with the surface.
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Their grafting on the surface of plasmonic NPs is a two-stage process:>%1°2 (i) first, the spontaneous
reduction of the diazonium salts generates an aryl radical that binds to the surface, and (ii) in a
second step, due to their high reactivity, these radicals react with the first grafted layer to give
nanometer to micrometer thick polyaryl layers. Aryl diazonium salts were used to modify plasmonic
NPs in order to design NPs-coated electrodes,'® colorimetric nanosensors,'®* antimicrobial
agents'® and functional lithographic arrays.'*¢1%8 In the latter case, they were shown to result in
regioselective grafting of organic patches located specifically in the regions of maximum near field
enhancement around nanoparticles, via site-selective hot-electron mediated reduction of aryl
diazonium salts. However, the application of these surface agents as Raman reporters for SERS
encoded-nanoparticles has never been reported so far, although aryl layers derived from diazonium

salts were shown to exhibit intense Raman signals.°® 160

In this work, we explore the potential of aryl diazonium salts to provide a new class of Raman
reporters with several advantages, such as: (i) the formation of strong interfacial bonds with the
supporting NPs, (ii) the presence of intense SERS fingerprints, (iii) the possibility to create
multilayers with various functions. The formation of multilayers will be exploited here to introduce
straightforwardly (i) several SERS labels along the grafted polyaryl chains and (ii) post-
functionalization moieties at their end. As a proof of concept, we selected three different aryl
diazonium salts. Two of them, bearing either nitro groups (4-nitrobenzenediazonium
tetrafluoroborate, noted D-NO2) or cyano groups (4-cyanobenzenediazonium tetrafluoroborate,
noted D-CN) were chosen to act as Raman reporters. The third one possesses carboxyl-terminated
groups (4-carboxybenzene diazonium tetrafluoroborate, noted D-COOH) for post-functionalization
with the nucleotide adenosine 5'-monophosphate (AMP) (see Fig. 4.1). Adenosine derivatives are
important intermediary metabolites in cells, which have fundamental impacts on a wide range of
cellular processes.'®! Particularly, AMP was identified recently to be a novel tumour-targeting
ligand, guiding nanoparticles to cancer cells via adenosine Al receptor, offering promising
prospects for clinical diagnostic and therapeutic applications.®? The functionalization of spherical
gold NPs by the three aryl diazonium salts (-NO2z, -CN, -COOH) and AMP was performed in water

at room temperature, providing a simple method to create multifunctional SERS tags. The modified
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NPs were characterized by transmission electron microscopy (TEM), UV-vis absorption, X-ray

photoelectron spectroscopy (XPS) and SERS.

Au@X@COOH@AMP

Au@X@COOH

(i) EDC/NHS

Figure 4.1 (a) Schematic representation of the key steps for the preparation of SERS-encoded NPs
using aryl diazonium salts. The Raman reporter groups (—-NO2, —CN) are grafted onto gold NPs via
Au-C covalent bonds. A layer bearing —COOH groups is then added for post-functionalization with
a nucleotide, here AMP. Typical TEM images of (b) AuNPs, (¢) Au@CN@- COOH@AMP (d)
Au@NO2@COOH@AMP.

4.2 Results & Discussion

Spherical AuNPs with an average diameter of 15 + 3 nm (see typical TEM image Fig. 4.1a,b), were
prepared through the well-known Turkevich method,®® by citrate reduction of HAuCls. The
procedure for grafting the Raman reporters on the AuNPs consisted of to add the corresponding
diazonium salts (5 x 10> M) to the AuNPs aqueous dispersions ([AuNPs] = 8 x 107° M) and to let

them react spontaneously during 60 min at room temperature. Multilayers were obtained by adding
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the diazonium salts successively, one after the other in a controlled sequence. The functionalized
AuNPs were then purified through 3 cycles of centrifugation/redispersion in water. Post-
functionalization with AMP was performed by mixing an aqueous AMP solution (10~* M) with the
resulting NPs, and adding 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-
hydroxysuccinimide (NHS), in the presence of 0.001 wt% polyvinylpyrrolidone (PVP), as a
stabilizer. After reaction at 4 °C overnight, the particles were washed through 3 cycles of
centrifugation/redispersion in water. Details on the functionalization experiments are given in the
Materials & Methods section. Transmission electron microscopy (TEM) images (see Fig. 4.1b—

d and Fig. 4.2), show individually dispersed particles indicating that the reaction of the AuNPs with

the diazonium salts does not disturb their colloidal stability.

s

Figure 4.2 TEM images of (a) and (b) AuNPs; (c) and (d) AU@NO@COOH@AMP; (e) and (1)
Au@CN@COOH@AMP.
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TEM images (Fig. 4.2) show individually dispersed particles indicating that the reaction of the
AuUNPs with the diazonium salts does not disturb their colloidal stability. The AuNPs average
diameter was estimated using 100 NPs from different TEM images. Interestingly, the overall NPs
size appears to increase after surface functionalization (see Table 4.1) and the functionalization
process leads to the appearance of a thin layer covering the NPs, likely due to the presence of the

polyaryl layers and AMP.

Table 4.1 Evolution of the average NPs diameter estimated by TEM for Au,
Au@CN@COOH@AMP and Au@NO,@COOH@AMP.

Sample NPs diameter (TEM) /nm
Au 15+2
Au@CN@COOH@AMP 18+2
Au@NO;@COOH@AMP 19+2

Interestingly, it can be seen from TEM images that the functionalization process leads to the
appearance of a thin layer covering the NPs, likely due to the presence of the polyaryl layers and
AMP. An average thickness of the organic coating of ca. 3-4 nm was estimated using 100 NPs from

different TEM images (see Table 4.1,).

The observation of polyaryl layers around the gold cores can be explained by the grafting reaction
mechanism. Indeed, it is based on the formation of aryl radicals by spontaneous cleavage of
diazohydroxides Ar—N=N-OH that form from aryl diazonium salts in neutral aqueous media, as
described previously.%* The formed aryl radicals bind to the AuNPs surface and to the first (and

further) grafted aromatic groups via homolytic aromatic substitution, leading to polyaryl layers.

The extinction profile of the AuNPs (Fig. 4.3a and b) retained its original shape upon
functionalization confirming that the colloidal stability was preserved. Nevertheless, a progressive
red shift of the plasmon band was observed after each functionalization step (see zoom in Fig. 4.3

4.2a and b and Amax values in Table 4.2). This red shift increases with the number of grafted layers
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and reaches ca. 10 nm for AMP-modified NPs, likely due to the modification of the local dielectric

environment around the Au cores.
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Figure 4.3 (a) Normalized extinction spectra of AUNPs (grey), Au@CN (black), Au@CN@COOH
(red) and AU@CN@COOH@AMP (blue); (b) normalized extinction spectra of AuNPs (grey),
Au@NO:; (black), AU@NO,@COOH (red) and AuU@NO@COOH@AMP (blue).

Table 4.2 Wavelength of the plasmon band (Amax) Observed in the extinction spectra of the
different AUNP samples.

Sample Plasmon band Amax (nm)
Au 520
Au@CN 522
Au@CN@COOH 524
Au@CN@COOH@AMP 531
Au@NO; 523
Au@NO,@COOH 525
Au@NO.@COOH@AMP 530
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It is noteworthy that the addition of a small amount of PVVP (0.001 wt%) in the colloidal dispersion
at the post-functionalization step was necessary in order to maintain a perfect colloidal stability,
as described in the section Materials & Methods (see Fig. 4.4a). However, this parameter should
be carefully controlled to ensure that the NP surface is still accessible for post-functionalization
with AMP. Indeed, above a certain [PVP] value, the grafting of AMP is no more detected by
SERS after the post-functionalization step (see Fig. 4.4 b). The SERS spectra, displayed in Fig.
4.4 (b) reveal that when the concentration of PVP is too high, the post-functionalization reaction
cannot proceed, probably due to a poor access of the reactants to the surface. Indeed, the signal of
AMP could not be detected on the SERS spectra when the PVVP concentration reaches 1%. Finally,
a good compromise between colloidal stability and post-functionalization capacity was found

using a concentration of PVP of 0.001 wt%.
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Figure 4.4 (a) Normalized extinction spectra and (b) SERS spectra for AuNPs (grey),
Au@CN@COOH@AMP prepared in 1 wt.% PVP (black), 0.1 wt.% PVP (red), 0.01 wt.% PVP
(blue), 0.001 wt.% PVP (pink), 0.0001 wt.% PVP (green), and without (orange) PVP solution.
The blue shadow highlights the SERS bands belonging to AMP.

The stability of the nanoprobes was evaluated in various media: aqueous solutions with a high ionic
force, acid or basic solutions. No sign of aggregation could be detected, as shown in Fig. 4.5,

regardless the medium to which the particles were exposed, demonstrating an extended colloidal

stability.
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Figure 4.5 Extinction spectra of AUNP samples dispersed in various aqueous media: (a) NaCl 0.2
M; (b) NaCl 2 M; (c) HCl at pH = 1.7 and (d) NaOH at pH = 12.9. The black solid line corresponds
to the spectra of bare AuNPs, the red line to AU@CN@COOH@AMP and the blue spectra to
Au@NO;@COOH@AMP. The spectra of the as-prepared AuUNPs, Au@CN@COOH@AMP and
Au@NO,@COOH@AMP were used as references (dotted lines). The insets show photos of the
different samples in NaCl, HCI and NaOH containing aqueous media.

The surface chemical composition of the modified AuNPs was investigated by XPS (see Table 4.3
and Fig. 4.6). The XPS spectra revealed large modifications after functionalization. Particularly, the
oxygen signal, very intense in the spectrum of the initial AUNPs due to the citrate capping layer,

was strongly attenuated after reaction with the different diazonium salts due to the ligand exchange

at the surface of the NPs.
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Table 4.3 Surface chemical composition (At %) of initial AuNPs, Au@CN,
Au@CN@COOH@AMP, Au@NO2, AU@NO@COOH@AMP.
Materiall® Au C O N P
Citrate-capped AuNPs 4 59 36 1 -
Au@CN 27 50 19 4 -
Au@CN@COOH@AMP? 11 64 18 5 2
Au@NO: 21 54 21 4 -
Au@NO,@COOH@AMP 12 61 19 6 2

In the meanwhile, the intensity of the nitrogen signal increased markedly, in agreement with the

presence of CN or NO; groups. After immobilization of AMP, the carbon content increased while

a new peak assigned to phosphorus appeared. Peak fitting of the C1s signal, displayed in Fig. 4.6,

further reflects the surface modifications introduced by the grafting of AMP, confirming the

successful covering of the gold cores by the functional polyaryl layers and AMP.
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Figure 4.6 XPS high resolution Cls spectra of the modified nanoparticles (a) Au@NO> and
Au@NO,@COOH@AMP; (b) Au@CN and Au@CN@COOH@AMP.
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The SERS properties of the encoded particles were studied at 633 nm laser excitation and compared

to the Raman spectra of the free diazonium salts (Fig. 4.7).

Au-C " NO,  Anyl CN N,

Intensity / cps

T
2000 2500

15I00
Raman shift / cm™!

I
1000

Figure 4.7 Comparison between the SERS spectra of nanoprobes AU@CN and Au@NO: and the
Raman spectra of the corresponding diazonium salt powders, D-NO, and D-COOH. Inset: zoom in
the spectral range 300-500 cm™?, revealing the presence of Au-C peak.

Several key features can be pointed out: first, the intense N==N stretching peak, observed in the
Raman spectra of the diazonium salt powders at ca. 2280-2300 cm ™ disappears completely for all
nanoprobes, confirming the removal of the diazonium group during the grafting reaction. At the
same time, one notices the appearance of a small peak at ca. 410-416 cm 2, assigned to the Au—C
stretching vibration, evidencing the covalent grafting of the aryl layers. The SERS spectra display
also the characteristic signature of phenyl-derivatives stemming from diazonium salts, particularly

the aryl ring stretching peak at ca. 1580-1595 cm™2. For the nanoprobes Au@NO: and Au@CN,
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the characteristic NO2 and CN stretching modes appear at 1330 cm™* and 2220 cm 2, respectively.
Interestingly, thanks to the radical coupling mechanism in diazonium salt chemistry, different
functional layers could be grafted one after another around the gold core, forming multifunctional
layers with a wide variety of SERS signatures. For example, Fig. 4.8 compares the SERS spectra
and the corresponding Raman images of AU@CN, Au@NO2, AU@NO@CN and AU@CN@NO:.,
deposited as dried drops on a glass slide. Each type of NPs reveals distinct characteristic spectra,
which can be associated to one particular color in Raman imaging. The spectra of AU@CN are
associated here to the magenta color, Au@NO: to the blue, AU@NO.@CN to the green and
Au@CN@NO: to the red. The blackline corresponds to the glass slide.
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Figure 4.8 Raman images and corresponding SERS spectra of Au@CN (magenta), Au@NO: (blue),
Au@CN@NO: (green) and AUu@NO.@CN (red), deposited as dried drops on a glass slide.

A layer of carboxyl-terminated functions was then added to the nanoconstructs to obtain a post-
functionalizable platform. The successive grafting of the different layers for Au@CN@COOH
and AuU@NO,@COOH could be assessed by following the increase in intensity of the aryl ring
stretching peak, laryi at 1580-1595 cm™ (see Fig. 4.9 and 4.10) and the evolution of lcn/lau-
¢, Ino2/lau-—c and layi/lau-c band intensity ratios (see Fig. 4.11). For this, D-NO; or D-CN (final
concentration 5x10° mol.L ) were added in 1mL of AuNPs and an aliquot of the solution was
taken out at various times after addition of the diazonium salts (5, 10, 15, 20 and 40 min). Each
aliquot was washed by repeating 2 cycles of centrifugation/redispersion in water. After 60 min,
D-COOH (final concentration 5x10° mol.L?) was added into the initial solution. New aliquots
were then taken out at 60, 80, 100 and 120 min. The SERS spectra of each aliquot were recorded
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by depositing a drop of the washed solutions on glass slides and let them dry at air (see Fig. 4.9

and 4.10). 5 spectra of each sample were recorded to obtain average band intensities.
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Figure 4.9 SERS spectra of Au@CN and Au@CN@COOH recorded after different times of the
functionalization reaction. (a) in the spectral range 300-2600 cm, (b) 2000-2400 cm™ (CN stretch),
(c) 1450-1800 cm'* (aryl peak) and (d) 300-500 cm™ (Au-C stretch).

1800 - 18001 —— Au@NO,@COOH, 120 min b
1600 :"Q “’z-x'“:“ Au@NO,@COOH, 120 min 1000 — AU@NO,GCOOH, 160 min ( )
I Au@NO,. o | AUGNOL@COOH, 100 min saoo ] AU@NO,@COOH, 80 min
2 1 u@NO,, 15 min Au@NO,@COOH, 80 min ~—— Au@NO,@COOH, 60 min
S 1200 ANINO 10 miw Au@NO,@COOH, 60min @ 1200 Au@NO,, 40 min
5 —— Au@NO,, 5 min g —— AuU@NO,, 20 min
Z 1000 E.woo- AuGNO,, 15 min
& 800 G 8004 —— Au@NO,, 10 min
= 600 - g 600 —— Au@NO,, § min
400 4 400
200 200
0 o . ; ' .
500 1000 1500 2000 2500 1000 1100 1200 1300 1400 1500
Raman shift/ cm™ Raman shift / cm™
- 100
900 —— Au@NO,@COOH, 120 min (d ) ~——— Au@NO,@COOH, 120 min
800 —— Au@NO,@COOH, 100 min —— Au@NO,@COOH, 100 min
700] — Au@NO,@COOH, 80 min 801 Au@No,, 40 min Au@NO,@COOH, 80 min
~—— Au@NO,@COOH, 60 min /| - ——— AU@NO,@COOH, 60 min
§ 600 Au@NO,, 40 min s I
2 s00] ——Au@NO,, 20 min =
2 Au@NO,, 15 min =
g 4001 Au@NO,, 10 min <
g
£ 300 =
200
1001
0 ” e e i e
) o T ey o= 8 300 320 340 360 380 400 420 440 460 480 500

Raman shift / cm™

Raman shift/ cm™'

Figure 4.10 SERS spectra of Au@NO, and Au@NO.@COOH recorded after different times of
the functionalization reaction. (a) in the spectral range 300-2600 cm™, (b) 1000-1500 cm™ (NO2
peak), (c) 1400-1700 cm? (aryl peak) and (d) 300-500 cm™ (Au-C stretch).
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Figure 4.11 displays the evolution of band intensity ratios selected to monitor the successive
grafting of the different layers for AU@QCN@COOH and Au@NO,@COQOH, as a function of
reaction time with diazonium salts. The variations in relative intensity of the characteristic CN (lcn
at 2220 cm™1) and NO; peaks (Inoz at 1330 cm™t) were selected to measure the first layer growth,

taking the Au-C peak intensity (1au-c) as the reference. The intensity ratios
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Figure 4.11 SERS band intensity ratios vs time of reaction after the two-step addition of first, the
Raman reporter diazonium salts (D-CN and D-NO2) and second, D-COOH: (a) Ino2/lau-c (circles)
and lcn/lavc (squares); (b) layi/lav-c for AU@NO.@COOH (circles) and Au@CN@COOH
(squares).

len/lau-c and Ino2/lau-c were shown to increase during the first 20 minutes of reaction, revealing
the grafting and polymerization of the first CN- or NO,-terminated polyaryl layer. After 20 min,
the reaction seems to be complete as no more evolution of the SERS spectra is detectable. It is
noteworthy that the introduction of D-COOH after 60 min does not bring any additional changes
to len/lauc and Ino2/lav-c intensity ratios. To assess the growth of the second poly(aryl) layer
derived from D-COOH, the intensity ratio laryi/lav-c Was selected as the appropriate indicator. It
was shown to increase at the beginning of the reaction, after addition of the Raman reporters, and
then to remain constant after 20 min, thus following a similar trend than the intensity ratios
Ino2/lau-c and len/lav-c. However, after addition of DCOOH, the intensity ratio laryi/l au-c increased
again, confirming the grafting of the second carboxyl-terminated polyaryl layer. The other peaks
remain unchanged demonstrating the robustness of the grafted layers derived from diazonium salts

at the surface of the nanoconstruct.
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An activation step using EDC/NHS was necessary to activate the carboxyl groups for direct
conjugation to the nucleotide AMP, via amide bonds. The presence of the grafted AMP generates
new SERS characteristic peaks!®® (see Fig. 4.12) at ~733 cm™* (in-plane ring breathing of adenine

ring), ~1332 cm™? (ring stretching mode) and ~1460 cm™* (C—N stretching).
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Figure 4.12 SERS spectra of AU@WCN@COOH@AMP and Au@NO@COOH@AMP. The
Raman spectrum of AMP is used as a reference. Inset: Zoom in the spectral range 350-450 cm™,

revealing the presence of nay-c peak.

This new generation of SERS encoded NPs, based on AuNPs functionalized by aryl diazonium salts,
was then evaluated as labels for Raman bioimaging inside cells. Proof of concept experiments
consisted to expose different cell lines (EGI-1 and CT-26 cells) to AuU@CN@COOH@AMP and
Au@NO,@COOH@AMP (details of the experiments are given in ESIT). Fig. 4.13 shows that,
when internalized inside cells, the SERS tags could be perfectly detected as bright spots, probably
due to accumulation into endosomal compartments. These results demonstrate that this new

generation of SERS labels offers promising prospects for multiplex SERS-based Raman imaging.
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Figure 4.13 (a and d) Bright-field optical images and (b and ) Raman images of EGI-1 cells after
uptake of AU@QCN@COOH@AMP, observed as red spots (b) and CT26 after uptake of
Au@NO,@COOH@AMP, observed as blue spots (e). (c) Overlay images of (a) and (b); (f) overlay
images of (d) and (e), revealing the intracellular distribution of the SERS tags inside cells. The
excitation laser wavelength was 633 nm (1 mW, grating 300 g mm™2, objective 100x hole 50 um,
acq. time 2 s per pt, XY parameters: 10* x 10° 0.3 x 0.3 um per pt).

4.3 Materials & Methods

4.3.1 Synthesis of aryl diazonium salts (D-COOH, D-CN and D-NOy)

The aryl diazonium salts were synthesized as described previously.®®For the synthesis of DCOOH,
2 g of 4-aminobenzoic acid (>99%, Sigma-Aldrich) was added into 12mL of tetrafluoroboric acid
solution (48% in H20, Sigma-Aldrich) in a flask, followed by adding 10mL of acetonitrile (>99.9%,
Sigma-Aldrich). The transparent solution was cooled down to ca. 2°C in ice/water bath under
stirring. Then 2mL of tert-butyl nitrite (90%, Sigma-Aldrich) was added dropwise into the flask.
The solution was kept cooled under stirring for 30 min. The obtained diazonium salt was washed
by diethyl ether (>99.7%, Sigma-Aldrich) for 3 times, then dissolved in acetone (>99.9%, Sigma-
Aldrich) and dried at room temperature. The synthesis of D-CN and D-NO. followed the same
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protocol, except using 4aminobenzonitrile (98%, Sigma-Aldrich) and 4-nitroaniline (>99%, Sigma-

Aldrich) as precursors, respectively.

4.3.2 Synthesis of citrate-capped AuNPs

50mL of gold(111) chloride trihydrate (>99%, Sigma-Aldrich) at a concentration of 10 mol L™ was
heated to boiling. Then SmL of aqueous sodium citrate (anhydrous, >99.5%, SigmaAldrich) solution
was injected into the boiling solution under vigorous stirring for 15 min. Soon, the solution turned

to red. It was then cooled down to room temperature and stored at 4°C.

4.3.3 Spontaneous functionalization of AUNPs by aryl diazonium salts

The functionalization reaction was performed in 1mL of citrate-capped AuNPs by mixing the
colloidal solution obtained above, with SuL of aqueous solutions of D-NO2 or D-CN (102 mol.L™)
for 1h at room temperature. The solution was then centrifuged at 5000 rpm for 30 min. The
supernatant was discarded and replaced by deionized water. The reaction was stopped by repeating
3 times of centrifugation/redispersion process, and the resulting samples were noted Au@CN and
Au@NO;. For AuU@CN@COOH and Au@NO,@COOH, the second layer was grafted by adding
5 uL of D-COOH (102 mol L) into Au@CN and Au@NO: solutions and let the reaction proceed

for 1h, followed by 3 times of centrifugation/redispersion process in water.

4.3.4 Post-functionalization by AMP

The double-layer grafted AuNPs were stabilized by adding 0.0001-1 wt.% of polyvinylpyrrolidone
(PVP, average mol. Wt. 10,000, Sigma-Aldrich). After 1h at room temperature, 10uL of an aqueous
solution of adenosine 5’-monophosphate disodium salt (AMP, 102 mol.L%, from Sigma-Aldrich)
was added in the stabilized AuNPs suspension, followed by the addition of 1 puL of N-(3-
Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, 50 g.L, >99%, Sigma-Aldrich)
and 2 pL of N-hydroxysuccinimide (NHS, 50 g.L?, 98%, Sigma-Aldrich). The reaction was carried
out at room temperature during 2h and then at 4°C overnight. After three cycles of
centrifugation/redispersion in water, AU@CN@COOH@AMP and Au@NO,@COOH@AMP

were obtained.
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4.3.5 Cellular uptake studies

The cellular uptake study was performed by exposing Au@CN@COOH@AMP with
cholangiocarcinoma EGI-1 cells and Au@NO.@COOH@AMP with CT-26 cells. EGI-1 and CT26
cells were seeded in 6-well plates with coverslips at a density of 1.2x10° cells/well by using
RPMI1640 (Gibco, Life Technologies Corporation, U.S.A) with 15% Fetal Bovine Serum (Gibco,
Life Technologies Corporation, U.S.A) as the culture medium. The cells were cultured in an
atmosphere of 5% CO; at 37°C for 24 h. The culture medium was then replaced by 2 mL of medium
containing 1 nM NPs and incubated with cells for 24 h. After incubation, cells were washed with
ice cold DPBS (Dulbecco’s Phosphate Buffered Saline [-] CaCl,, [-] MgCl,, Gibco, Life
Technologies Corporation, U.S.A) three times and then fixed with 1% PFA.

4.3.6 Instrumentation

The colloidal solutions were diluted 4 times for UV-vis spectroscopy. The extinction spectra were
recorded on a Shimadzu 2700 UV-vis spectrometer, using 1x1cm quartz cuvettes. The SERS were
recorded on a Horiba XploRA PLUS Raman microscope. All the measurements were performed on
dried drops of the samples deposited on glass microscope slides, using a laser at 638 nm, an
exposition time of 10s and an accumulation of 10 spectra. The SERS mappings (NPs and cells) were
recorded on a Horiba LabRAM HR Evolution Raman microscope with an excitation wavelength of
633 nm. The exposition time for mappings was 0.8s per spectrum for the reference map and 2s per
spectrum on the cell map. The XPS spectra were recorded using a Thermo Scientific K-Alpha
spectrometer equipped with a monochromatic Al-Ko X-ray source (hv = 1486 eV). The spot size
was of 400 um, while the pass energy of surveys and high-energy resolution were fixed at 200 and
50 eV, respectively. The charge compensation was performed by a combination of an electron flood
gun with an argon ion gun. The TEM images were recorded with a Tecnai microscope (120 kV) and
a 4kx4k Eagle camera (Thermofisher, USA), after depositing 4 uL of each sample on carbon coated
grids (primarily glow discharged).

4.4 Conclusion

In summary, Raman reporters derived from aryl diazonium salts were grafted on gold NPs to design

a new generation of SERS encoded-nanoparticles. AUNPs were modified by three different aryl
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diazonium salts, bearing either nitro or cyano groups and carboxyl-terminated function. These
nanoprobes were shown to combine unique SERS spectra and post-functionalization capacity for
the immobilization of the nucleotide AMP. Unlike thiol-derived Raman reporters forming
monolayers around plasmonic NPs, this approach enables the formation of strongly attached
multilayers around the gold cores, with various chemical functions, providing a breakthrough
strategy to create multifunctional SERS tags. It thus offers several advantages over conventional
methods of SERS tag preparation, such as: (i) the formation of strong covalent bonds between the
AUNP surface and the Raman labels and (ii) the growing of multifunctional layers around the gold
cores, using a simple and straightforward process (in air, at room temperature). Therefore, this aryl
diazonium salt-based approach will not only pave a new way for the functionalization of AUNPs by

multilayers but also provide a general strategy to design SERS-encoded NPs.
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Conclusions and perspectives

Conclusions. In conclusion, we have designed innovative nanotools based on smart hybrids

microgels loaded with fluorescent dyes and gold nanoparticles for nanomedicine applications.

In the first chapter, we have provided a state-of-the-art on the latest developments of photoacoustic
active nano- and microgels for biomedical applications, particularly photoacoustic imaging. The
chemical strategies for the synthesis of hydrogel particle-based photoacoustic contrast agents were

described as well as their potential for cancer treatment and diagnosis.

In the second chapter, we have explored a new approach for the design of well-defined smart hybrid
microgels (uGels) doped with dyes (R6G, MB, Cy) and gold NPs, based on the assembly of the
various building blocks. The step-by-step process used herein offers an easy means to tailor the
loading level of gold NPs and dyes within the polymer network via successive incubation steps,
from one to five times. The characterization of the formed hybrid particles by UV-vis absorption,
fluorescence and photoacoustic spectroscopy, transmission electron microscopy and dynamic light
scattering revealed that the concentration of dyes within the uGels could be tuned by changing the
initial dye concentration during the self-assembly process while the loading of Au NPs was tailored
by the number of incubation steps, yielding densely filled uGels after 5 incubations. Interestingly,
the hybrid puGels retained their pH- and thermo-responsive properties, even after the trapping of all
these elements within their matrix. Thanks to the formation of dense assemblies of Au NPs in the
uGel platforms at high loading and the stimuli-induced aggregation of the NPs, plasmon coupling
was observed, which resulted in plasmon band broadening and red shift towards the near infrared
region (NIR), a critical point for bioimaging and phototherapy. Consequently, the hybrid nGels
achieved strong heating capacities and high molar absorption coefficients under NIR laser excitation.
Moreover, the dyes loaded within the pGels could act as fluorescence tracers to visualize the pGel
uptake by cells. Therefore, the strategy which consists to use small spherical Au NPs, with no

particular signal in the NIR but with appropriate biocompatibility and biodegradability properties,
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and to assemble them within smart microgel platforms loaded with dyes appears highly promising
to obtain efficient nanotools for photothermal therapy and bioimaging.

In the third chapter, we exploited the fluorescence properties of the dyes and the enhancement of
their Raman signals by the Au NPs trapped within the microgels to get new insights on the
interaction of the nanocomposite microgels with cells, their biotransformation and their
biodegradation in primary fibroblasts in vitro through dual-mode imaging. It appears that cell
internalization and ageing results in strong modifications of the optical signature of the hybrid uGels
from a SERS ON/Fluorescence OFF state to a SERS OFF/Fluorescence ON behavior. Moreover,
TEM images recorded as a function of incubation time confirmed the biodegradation process with

the appearance of aurosomes structures after 4-7 days.

In the fourth chapter, we focused on the possible use of these nanotools as Raman imaging labels.
We thus functionalized the Au NPs with Raman reporters derived from diazonium salts and
performed proof-of-concept Raman imaging experiments on cell lines after NP uptake. This study
highlighted the large potentials of diazonium salt chemistry to design Au NPs-based SERS labels
for Raman bioimaging. However, due to a lack of time, these SERS tags could not be loaded within
the microgels and this step therefore constitutes a perspective of the work described in this

manuscript.

Finally, the studies conducted here highlight that the smart uGel platforms are interesting tools to
physically control the aggregation of Au NPs, with promising prospects for photothermal therapy
and photoacoustic imaging and for monitoring the NPs fate inside cells through dual-mode

fluorescence and Raman imaging.

Perspectives. However, there remains several limitations that should be addressed before
considering clinical applications. First, due to the large size of the uGels, they should be rapidly
cleared by the reticuloendothelial system (RES) after entering the body, thereby limiting their
capacity to target specific tissues. Therefore, for follow-up studies, it may be necessary to select
smaller uGels and to attach a targeting ligand on their surface to enhance their accumulation at the

tumor site.
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Secondly, the stability of the trapped dyes and Au NPs within the pnGel matrix deserve attention in
order to avoid uncontrolled leakage before reaching the target tissue. The TEM results of cellular
uptake showed that Au NPs could escape from the uGels within 24 hours. It will be crucial to get
new insights on the stability and biodegradation properties of the hybrid puGels in vivo. Moreover,
the capacity of the hybrid uGels to load anticancer drugs and act as smart drug delivery carriers
should be also studied.

Another important challenge is related to the optical properties of the hybrid microgels, usually
settling across the first infrared window NIR-1 (650 to 1000 nm). Designing nanocomposites with
responsiveness in the NIR-I1 window (1000 to 1700 nm) will be the focus of future research, due to
numerous advantages such as reduced optical absorption and tissue scattering together with deeper

penetration depth.

From a practical perspective, there is still a long way to go from basic research to clinical
applications. This will rely on the design of hybrid microgel theranostic agents with long-term
stability in various environments and controlled pharmacodynamics, pharmacokinetics, and safety

properties in vivo.
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Annexes

1. Dynamic light scattering (DLS)

Dynamic Light Scattering, also known as Photon Correlation Spectroscopy or Quasi-Elastic Light
Scattering, is a physical characterization method used to measure particle size distribution in
solutions or suspensions, as well as complex fluids such as concentrated polymer solutions. This
technique is based on the fact that suspended particles are subject to Brownian motion. Thus, the
large particles will tend to move slowly while smaller particles will move faster. When the particles
are excited by a laser, they will diffuse light randomly. The diffused light is recorded and detected
at a certain angle. The presence of Brownian motion generates a fluctuation in the intensity of the
scattered light which will be recorded. Then using a correlator, these fluctuations will be processed
in order to obtain an autocorrelation function. The autocorrelation function gives access to the
diffusion coefficient which itself is related to the hydrodynamic radius thanks to the Stokes-Einstein

relation.

Dynamic light scattering is used to characterize the size of proteins, polymers, micelles, sugars and
nanoparticles. If the system is monodisperse, the mean effective diameter of the particles can be
found. Measures depend on particle's core, surface structure, particle concentration and ionic species
in the medium. DLS can also be used for stability studies, by measuring the particle size distribution
over time: as particles coagulate, the particles with larger sizes become more numerous. Similarly,

DLS can also be used to analyze the effect of temperature on stability.

2. Raman spectroscopy

Raman spectroscopy is a type of scattering spectroscopy: it is based on the Raman scattering effect
discovered by indian scientist CV Raman. Raman spectroscopy analyzes the scattering spectra with
different frequencies from the incident light to obtain information on molecular vibration and

rotation. It’s an analytical method applied to the study of molecular structure.
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When light irradiates a substance, elastic scattering and inelastic scattering occur. The scattered
light of elastic scattering has the same wavelength as the wavelength of the excitation light. The
scattered light of inelastic scattering has wavelengths lower and higher than the wavelength of the

excitation light, which are collectively referred to as the Raman effect.

When a gas, liquid or transparent sample is irradiated with monochromatic light with a wavelength
much smaller than the particle size of the sample, most of the light is transmitted in the original
direction, while a small part is scattered at different angles, resulting in scattering light. When
observed in the vertical direction, in addition to the Rayleigh scattering with the same frequency as
the original incident light, there are also a series of symmetrically distributed Raman spectral lines
that are very weakly shifted from the incident light frequency. This phenomenon is called Raman
effect. Due to the number of Raman spectral lines and the magnitude of the displacement, the
wavelength of the spectral lines is directly related to the vibrational or rotational energy level of the
sample molecules. Therefore, as infrared absorption spectroscopy, Raman spectroscopy give
information on molecular vibrations or rotations. Raman spectroscopic analysis technology has

been widely used to identify substances and molecular structures.

The advantages of Raman spectroscopy are: i). it is a non-destructive and non-intrusive method, ii).
the physical state of the sample is irrelevant : sample can be solid, liquid or gaseous, iii). it can be

combined with other techniques, iv). it can be used in situ and under stress.

3. UV-Vis absorption spectroscopy

The UV-Vis spectrophotometer is an analytical instrument based on the principle of UV-Vis
absorption spectrophotometry, which uses the absorption of UV-Vis radiation by molecules to
analyze samples. A UV-Vis spectrophotometer is mainly composed of light sources,
monochromator, cuvette holder, detector, and signal processor. Light sources provide a stable,
continuous and polychromatic beam of sufficient intensity. The ultraviolet radiation usually comes
from a hydrogen lamp or a deuterium lamp whereas the visible radiation comes from a tungsten
lamp or a halogen lamp. The function of the monochromator is to split the polychromatic beam
emitted by the light source and to select the monochromatic light of the desired wavelength from it.

A glass cuvette is used for measurements in the visible region, and a quartz absorption cuvette is
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required for measurements in the UV. The function of the detector is to detect the intensity of the
transmitted light through the photoelectric conversion element and to convert the optical signal into
an electrical signal.

The UV-visible absorption spectrum of a molecule is due to electronic transitions of molecular
groups absorbing UV-visible radiation. Since various substances contain different atoms and
molecules with different molecular spatial structures, their absorption of light will not be the same.
The level of absorbance at certain characteristic wavelengths on the spectrum is used to identify or
determine the content of the substance, which is the basis of spectrophotometric qualitative and
quantitative analysis.

Spectrophotometric analysis is an effective technique to study the composition, structure and
interactions between substances according to the absorption spectrum of substances. According to
Lambert’s law, the absorption of light is proportional to the thickness of the absorption layer, and
Lambert-Beer's law shows that the absorption of light is proportional to the concentration of the
solution: A=¢bc (A is the absorbance, ¢ is the molar absorption coefficient, b is the thickness of the

sample, and c is the solution concentration).

4. Fluorescence spectroscopy

Fluorescence spectrophotometer is an instrument used to scan the fluorescence photons emitted by
fluorescent molecules of liquid samples. Fluorescence spectroscopy can provide various data such
as excitation spectrum, emission spectrum, fluorescence intensity, fluorescence quantum vyield,
fluorescence lifetime, fluorescence polarization, etc.,. By recording such data, not only general
quantitative analysis can be performed, but also conformational changes of molecules in various
environments can be inferred, thereby clarifying the relationship between molecular structure and
function. The excitation wavelength scanning range of the fluorescence spectrophotometer is

generally 190-650 nm, and the emission wavelength scanning range is 200-800 nm.

Fluorescence follows UV-Vis excitation and corresponds to the emission of photons from excited
electronic state. These molecules in the excited state are unstable, and in the process of returning to

the ground state, part of the energy is returned to the form of light.
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Different substances have different characteristics in the distribution of excited state energy levels
due to different molecular structures. This characteristic is reflected in the fluorescence that various
substances have their own characteristic fluorescence excitation and emission spectra. The

difference in emission spectra can be used to qualitatively identify substances.

In solution, when the concentration of the fluorescent compound is low, fluorescence intensity and
molecule concentration have usually a proportional relationship : IF=KC. Using this relationship,
the quantitative analysis of fluorescent molecules can be carried out, which is consistent with UV-

Vis spectroscopy.

5. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a method to study the structure and properties of the
sample by using a transmission electron microscope. The working principle of TEM is the same as
that of optical transmission microscope, except that the light beam is replaced by an electron beam,
and the glass lens is replaced by a magnetically focused electron lens, and the electron image is
displayed on a fluorescent screen. The electron beam is wavelike, and the accelerated electron beam

has a wavelength of about 1/100,000 of the light wave and has strong penetrating power.

When electrons interact with a sample, they can be scattered, absorbed and transmitted. In the case

of TEM, electrons subjected at high accelerating voltages (60 to 400 kW) are used to form an image.

6. Alamar blue test

The main component of this reagent is a redox indicator, which is violet-blue and non-fluorescent
in the oxidized state and converted into a reduction product with pink or red fluorescence in the

reduced state, and its absorption peak is 530-560 nm. And the fluorescence peak is 590 nm.

During the process of cell proliferation, the ratios of NADPH/NADP, FADH/FAD, FMNH/FMN
and NADH/NAD in the cells increase, and they are in a reducing environment. The dyes taken up

into the cells are reduced by these metabolic intermediates and cytochromes, and then they are
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released outside of the cells and dissolved in the medium, turning the medium from non-fluorescent
indigo blue to fluorescent pink. Finally, the medium is analyzed by a UV-Vis spectrophotometer or
a fluorescence photometer : absorbance and fluorescence intensity are proportional to the number

of viable cells.

Compared to trypan blue, TTC, MTT, MTS and other analytical methods, Alamar-Blue has many
advantages. Alamar-Blue uses a single reagent to detect continuously and rapidly the cells
proliferation. Since Alamar-Blue is non-toxic and harmless to cells, and does not affect cell
metabolism, cytokine secretion, antibody synthesis, etc., continuous observation and further
experimental observation of the proliferation state of the same batch of cells can be performed. It is
suitable for the detection of bacteria, yeast, insects, fish, mammals, and other cells, as well as
adherent cells and non-adherent cells, and can be widely used for rapid detection and identification

of cell proliferation, cytotoxicity and pathogenic microorganisms.

7. Photoacoustic Imaging (PAI)

Photoacoustic Imaging (PAI) is a new non-invasive and non-ionizing biomedical imaging method
developed in recent years. When biological tissue is irradiated by a pulsed laser (thermoacoustic
imaging refers specifically to the irradiation by a radio frequency pulsed laser), light absorption by
the tissue will generate an ultrasonic signal which is called photoacoustic signal. The photoacoustic
signal generated by biological tissue carries the light absorption characteristic information of the
tissue, and the light absorption distribution image in the tissue can be reconstructed by detecting the
photoacoustic signal. Photoacoustic imaging combines the advantages of the high selectivity of pure
optical tissue imaging and of the deep penetration in pure ultrasound tissue imaging, and thus allow
to obtain high-resolution and high-contrast tissue images, avoiding the influence of light scattering,
breaking through the high-resolution optical imaging depth "soft limit" (~1 mm) and enabling deep

in vivo tissue imaging of 50 mm.

The principle of photoacoustic signal generation is when the absorber is irradiated with a short-

pulse laser, some molecules of the absorber absorb photons and electronic transitions occurred
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bringing molecules into excited electronic state. The electron in the excited state is extremely
unstable, and when electron relaxes to a lower energy level, it releases energy in the form of photon
or heat. In the application of photoacoustic imaging, a laser with a suitable wavelength is usually
selected as the excitation source to maximize the efficiency of converting the energy of absorbed
photons into thermal energy. The efficiency of converting light energy into thermal energy can reach
more than 90%. The released heat causes a local temperature increase which induces thermal
expansion generating pressure waves, which are photoacoustic signals. Therefore, the generation
process of the photoacoustic signal is the conversion process of "light energy"” - "heat energy" -

"mechanical energy".

8. Photothermal therapy (PTT)

Photothermal therapy (PTT) is to use materials with high photothermal conversion efficiency, to
inject them into the human body, to use targeted recognition technology to gather them near tumor
tissue, and to irradiate them with external light sources (usually near-infrared light). Thus it is a
treatment method in which light energy is converted into heat energy to kill cancer cells.
Advantages of PTT:

i). Reduce the pain experienced by the patient.

ii). The treatment duration is short (about a few minutes), and the treatment effect is obvious.

iii). The material is non-toxic and harmless, and has little side effect on the human body.
Disadvantages of PTT:

i). People have not fully understood the treatment mechanism of this material, so it is difficult to
achieve the best design effect.

ii). Due to the limited transmission ability of the laser, it cannot be incident into the deep layers of
the living body, resulting in the lack of strict measures for internal tumors.

iii). When this material is used for treatment, its circulation in the human body has not been fully
clarified, and there is no long-term experimental observation, so its potential toxicity is still

unknown.
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9. Resumé en francais (long)

1. Nanoparticules d'or

Les nanoparticules (NPs) d'or ont été largement utilisées pour la Spectroscopie Raman exaltée de
surface (SERS), I'imagerie photoacoustique (PAI) et la thérapie photothermique (PTT) en raison de
leurs propriétés optiques particuliéres. Les propriétés optiques des NP d'or proviennent du
phénomeéne de résonance plasmonique de surface localisée (LSPR) qui est d0 a l'oscillation des
électrons libres de conduction libre a la surface des particules lors d'une excitation lumineuse,
appelée plasmon. Fait intéressant, les plasmons de NPs d'or peuvent induire une absorption
caracteristique dans la région visible et une diffusion Raman exaltée a leur surface, qui peut étre
exploitée pour l'identification d'especes chimiques et leur localisation. Dans le méme temps, les
plasmons convertissent une partie substantielle de I'énergie d'oscillation en chaleur, via un effet
photothermique, qui peut étre exploité a la fois pour I'imagerie photoacoustique et la thérapie

photothermique (schéma 1).

Raman imaging
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Schéma 1. Schéma d'illustration des propriétés optiques des AuNPs et de leur application pour

I'imagerie raman, la thérapie photothermique et I'imagerie photoacoustique.

Les nanoparticules d'or peuvent étre divisées en nanospheres d'or (AuNPs), nanoétoiles d'or,
nanobatonnets d'or, nanocages d'or, nanovésicules d'or et ainsi de suite selon leurs formes. De
nombreux travaux de recherche ont été réalisés en utilisant des NPs d'or pour le SERS® 167 pA|8®

et PTT® car, en plus de leurs synthése et fonctionnalisation aisées, ces NPs possédent un excellent
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coefficient d'extinction molaire. Les nanoparticules d'or de formes, tailles et états d’agrégation
différents ont des propriétés de surface et des coefficients d'extinction distincts® °2, Tian Rongfu et
al. ont synthétisé des nanospheres d'or, des agrégats sphériques, des nanoétoiles et ont étudié la
dépendance de SERS en fonction de la forme des nanoparticules d'or en utilisant la rhodamine 6G
comme marqueur Raman®. lIs ont conclu que I'effet SERS peut étre optimisé en augmentant le
nombre de points chauds du champ local. La bande plasmonique des agrégats de nanosphéres passe
a 660 nm par rapport a la nanosphére unique (532 nm), et provoque, en raison du "point chaud" du
plasmon de surface, une augmentation significative du signal SERS de la rhodamine 6G sous
excitation & 785 nm. Dans le domaine de la biologie, le SERS dans le proche infrarouge (NIR) attire
d’avantage l'attention des chercheurs car les molécules endogénes du corps humain absorbent
principalement la lumiére visible : 1'utilisation d’un laser NIR peut réduire efficacement les
dommages aux cellules normales. De plus, la région NIR correspond a la "fenétre transparente™ du
corps, qui convient mieux aux applications biologiques telles que I'imagerie photoacoustique et la
thérapie photothermique. Et le rayonnement NIR a une pénétration plus profonde dans la peau que
le rayonnement visible®*, ce qui sera plus propice a la thérapie photothermique tumorale locale tout
en réduisant les dommages aux tissus normaux. Sur cette base, les chercheurs ont choisi les NPs
d'or telles les nanobatonnets d'or et les points quantiques d'Ag.S dont la bande plasmonique est
située dans la fenétre NIR-I (760 -900 nm) ou NIR-II (1000 -1700 nm) pour la bioimagerie et le
traitement du cancer. Jesse V. Jokerst et al. ont utilisé des nanobatonnets d'or comme agent pour
I'imagerie PAI et Raman pour la détection des tumeurs cancéreuses de I'ovaire in vivo®. Lu An et
al. ont congu un systeme d'administration médié par les macrophages avec des nanobatonnets d'or
pour la thérapie photothermique et I'imagerie photoacoustique de I'nypoxie tumorale®. Thi Tuong
Vy Phan et al. ont synthétisé des nanoétoiles d'or a base de chitosane pour I'imagerie

photoacoustique et la thérapie photothermique®’.

Bien que la bande plasmonigque des nanobatonnets et des nanoétoiles se situe dans la région NIR,
leur toxicité biologique ne peut étre ignorée. La toxicité de ces deux types de NPs d'or est
principalement due a l'ajout du ligand toxique bromure de cétyltriméthylammonium au cours du
processus de synthése. Dans le méme temps, en termes de biodégradabilité des nanoparticules dans

les tissus biologiques, les nanobatonnets et les nanoétoiles d'or sont plus difficiles a dégrader que
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les nanosphéres. On pense généralement que les nanoparticules d'or restent intactes dans les tissus
biologiques. Cependant, Alice Balfourier et al. ont rapporté que des nanoparticules d'or sphériques
de 4 4 22 nm de diamétre peuvent étre dégradées dans les cellules!®, mais aucun rapport actuel ne

montre que les nanoétoiles d'or et les nanobatonnets d'or peuvent étre dégradés dans les tissus.

Pour relever le défi de la toxicité et des propriétés fortement dégradables des nanoparticules d'or,
des agrégats sphériques de nanoparticules d'or ont été utilisés par des chercheurs pour des
applications biodiagnostiques et thérapeutiqgues. Comme mentionné précédemment, la bande
plasmonique de ces agrégats peut étre déplacée vers la région NIR d'environ 120 nm par rapport a
celle d'une sphére individuelle, grace a la génération de "points chauds" de surface, ce qui est
bénéfique pour les applications en bioimagerie. Si les nanoparticules sphériques sont suffisamment
petites (moins de 22 nm), elles peuvent étre dégradées par les tissus biologiques et lorsque leur
granulométrie est inférieure a 5 nm, elles peuvent étre éliminées par les reins'®®. Ainsi, les agrégats
de nanospheres d'or peuvent étre utilisées pour des applications biologiques tout en minimisant la
toxicité des NPs pour le corps humain. De nombreuses études ont montré le fort potentiel des
agrégats de nanosphéres d'or pour l'imagerie Raman?®, la thérapie photothermique!®® et l'imagerie
photoacoustique® 1% : pour cela la surface des AuNPs a été modifiée chimiquement pour permettre

I’agrégation des NPs en réponse a un stimulus tel que le microenvironnement acide des tumeurs.

Pour optimiser et étendre les possibilités d'application multifonctionnelles des nanoagrégats, telles
que l'administration de cibles ou l'encapsulation de médicaments anticancéreux, etc., le nanogel
intelligent sera un support “inclusif" et modulable, qui peut transporter et libérer des médicaments

ou reconnaitre des molécules cibles tout en permettant I’agrégation des AuNPs apres stimuli.

2. Nanocomposites hybrides intelligents

Les nanocomposites hybrides intelligents constitués de particules d'hydrogel dopées avec des
nanoparticules inorganiques ont suscité un énorme intérét en tant que matériaux multifonctionnels
uniques pour les applications en nanomédecine, notamment l'administration de médicaments, la

thérapie et l'imagerie. Les microgels (uGels) nanocomposites se sont révélés particulierement
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prometteurs en tant qu'agents de contraste pour I'imagerie photoacoustique (PAI), qui est une
technique émergente de bioimagerie non invasive et peu codteuse, avec des perspectives
prometteuses pour le théranostic du cancer. Les nano- et microgels hybrides peuvent agir comme
supports protecteurs pour incorporer des agents de contraste d'imagerie photoacoustique en raison
de leur capacité de charge élevée, de leur biocompatibilité et de leurs propriétés de réponse aux
stimuli. Bien que divers types d'agents de contraste PAI aient été explorés, les NPs plasmoniques
se sont révélées étre des candidats prometteurs pour le PAI en raison de leurs propriétés optiques
exceptionnelles basées sur le plasmon de surface localisé (LSP). Ces nanoparticules présentent des
sections efficaces d'absorption optique élevées, supérieures de plusieurs ordres de grandeur a celles
des colorants de petite taille moléculaire. Lors de I'excitation du LSP, ces NPs assurent la conversion
de la lumiere en chaleur et se comportent ainsi comme des nanosources de chaleur.
Remarquablement, I'absorption d'impulsions lumineuses nanosecondes par ces NPS produit une
dilatation thermique localisée du milieu environnant, entrainant la génération d'ondes ultrasonores.
Cela ouvre de nouvelles opportunités, car, grace a la détection des ondes ultrasonores, la PAI peut
cartographier la distribution des nanoeléments chauffants avec une résolution spatiale inférieure au
mm dans les tissus profonds. En raison de ces caractéristiques attractives, plusieurs approches
chimiques ont été proposées pour élaborer des pGels nanocomposites incorporant des NP
plasmoniques. Elles reposent principalement sur la synthese in situ des nanoparticules inorganiques
au sein des particules polymeres préformées ou sur la synthese ex situ des deux composants suivie
de leur assemblage. Cependant, les méthodes de synthése développées jusqu'a présent présentent
des limitations importantes, telles que la difficulté de contréler la quantité de chargement de
nanoparticules plasmoniques dans la matrice d'hydrogel. Par conséquent, le développement d'une
stratégie polyvalente pour parvenir a I'élaboration de microgels nanocomposites avec des
parametres controlés (taille des particules, efficacité de chargement) reste toujours une tache

difficile.

3. Projet de thése

Afin de relever ce défi, ce travail de thése explore une stratégie innovante basée sur l'assemblage

étape par étape des différents éléments (uGels, colorants, NPs plasmoniques) des nanocomposites,
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et sur I’optimisation du taux de chargement des nanoparticules dans la matrice polymére via des
étapes successives d'incubation. Comme preuve de concept, nous nous sommes concentrés ici sur
les éléments suivants (schéma 2):

(i) Pour le composant uGel, une matrice polymeére pH et thermosensible composée de copolyméres
d'oligo(éthyléne glycol) méthyl éther méthacrylate et d'acide méthacrylique a été choisie.

(ii) Pour les colorants, la rhodamine 6G (R6G), le bleu de méthylene (MB) et la cyanine 7,5 (Cy)
ont éte sélectionnés.

(iii) En ce qui concerne les nanoparticules inorganiques, des nanoparticules d'or recouvertes de

citrate (Au NPs) ont été choisies.
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Schéma 2. Illustration du processus dassemblage d'un agent théranostique basé sur un microgel
hybride encapsulant des sondes fluorescentes pour ’imagerie et des agents thérapeutiques pour le

diagnostic et le traitement du cancer.

Chague composant des pGels nanocomposites finaux devrait apporter des propriétés spécifiques
eprécieuses pour la nanomédecine théranostique, comme suit :

- Les nanoparticules d'or et leur assemblage au sein des microgels vont 1/ produire localement de la
chaleur par effet photothermique, 2/ servir d'agents de contraste pour I'imagerie photoacoustique
(PAI) et 3/ amplifier les spectres Raman des colorants pour I’imagerie Raman.

- Les microgels pH et thermosensibles agiront comme 1/ un réseau de polyméres pour incorporer et

transporter les AuNPs, 2/ une matrice rétractable lors du chauffage ou de la diminution du pH,
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induisant le couplage des nanoparticules d'or chargées dans le pGel, générant une amélioration de
leurs propriétés optiques.
- Les colorants (rhodamine 6G, bleu de méthyléne et cyanine 7.5) assureront une émission de

fluorescence allant du visible au NIR.

Dans le premier chapitre de ce manuscrit, nous introduisons les principes de base pour la conception
de microgels hybrides a visée théranostique et nous présentons I'état de I'art de I'imagerie basée sur
les agents de contraste photoacoustiques pour la détection des cancers. Puis nous donnons un apergu
des principales méthodes chimiques pour I'élaboration de matrices hybrides, en décrivant les
différents types de gels et d’agents de contraste PAI et en soulignant leurs avantages et potentiel

pour le diagnostic et le traitement du cancer.

Dans le deuxieme chapitre, nous nous concentrons sur la conception de nos microgels hybrides en
utilisant une approche étape par étape offrant la possibilité d'ajuster finement le taux d’incorporation
des NP d'or dans la matrice polymére via des étapes d'incubation successives, de une a cing
incubations. Les pGels hybrides finaux ont été entierement caractérisés a l'aide de plusieurs
techniques complémentaires, telles que la spectroscopie d'absorption UV-vis, la fluorescence, la
spectroscopie et 1’imagerie Raman, l'imagerie photoacoustique, la microscopie électronique a
transmission et la diffusion dynamique de la lumiére. Grace a ces techniques, nous avons pu étudier
le comportement pH et thermo-sensible des microgels vierges (sans colorants ni AuNPs) et hybrides,
leurs propriétés photoluminescentes en fonction des colorants incorpores dans la matrice polymere
et leurs propriétés optiques dues a la présence nanoparticules d'or. Une fois les plateformes
nanocomposites entierement caractérisees, leur potentiel pour des applications biomédicales a été
évalué en menant des expériences photothermiques, d'imagerie photoacoustique et Raman ainsi que

des tests de viabilité cellulaire.

Dans le troisieme chapitre, nous avons exploité les propriétés de fluorescence des colorants et
I'amplification de leur signal Raman grace aux AuNPs incorporées dans les microgels pour obtenir
de nouvelles informations sur l'interaction des microgels nanocomposites avec les cellules et sur

leur processus de biodégradation.
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Les nanoparticules plasmoniques, sous excitation LSPR, pouvant agir a la fois comme agents de
contraste pour I'imagerie PAI et Raman, nos microgels nanocomposites pourraient servir de doubles
marqueurs pour ces deux techniques. Dans le quatrieme chapitre, nous nous concentrons
specifiqguement sur le potentiel des petites NP d'or sphériques pour le greffage de marqueurs Raman
pour la bioimagerie SERS. Pour cela, nous avons exploré une nouvelle approche pour la fixation de
marqueurs Raman a la surface des AUNPs, gréace aux sels d'aryle de diazonium. Nous montrons que
I'utilisation de la chimie des sels d'aryle de diazonium fournit un moyen facile d'obtenir des liaisons
covalentes Au-C robustes entre les étiquettes Raman et les NPs, assurant une grande stabilité de
I'interface nanohybride. Cette approche permet la formation de multicouches a la surface des NPs,
donnant accés a de nouvelles signatures SERS spectralement distinguables, élargissant ainsi la
bibliotheque de marqueurs Raman disponibles. Des expériences d'imagerie Raman, preuves de
concept, ont été realisées sur des lignées cellulaires apres incubation en présence de NPs greffées
avec des marqueurs Raman : elles mettent en évidence le fort potentiel de la chimie des sels de
diazonium pour concevoir des étiquettes SERS a base de NPs métalliques pour la bioimagerie
Raman. L’incorporation des marqueurs SERS au sein des microgels étudiés dans les chapitres
précedents n'a pas pu étre étudié dans le cadre de cette these, faute de temps, mais elle constitue une

des perspectives principales de ce travail.

Dans la derniére partie du manuscrit, nous concluons et proposons plusieurs perspectives concernant
le développement d'agents de contraste ciblés plus efficaces et plus biodégradables pour I'imagerie
PAI et Raman. En raison de la petite taille, de la biodégradabilité et de la faible toxicité des
nanoparticules d'or utilisées dans ce travail ainsi que de la biocompatibilité des matrices polymeéres,
les nanocomposites intelligents devraient avoir un excellent potentiel de traduction clinique et
d'applications en tant qu'agents PAI/Raman et systéme d'administration de médicaments pour le

traitement du cancer.

Durant mon travail de thése, jai réalisé sur (i) la conception des microgels hybrides ; (ii) la
caractérisation de leurs propriétés chimiques et I'évaluation de ces propriétés en fonction de
plusieurs stimuli ; (iii) I'étude de l'effet PA des hybrides intelligents sous stimulus et de I'efficacité

du PTT invitro ; (iv) leur étude de cytotoxicité a court terme et leur devenir a l'intérieur des cellules
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via des expériences complémentaires d'imagerie Raman, d'imagerie de fluorescence et de

microscopie électronique a transmission (MET).

Les résultats obtenus en MET montrent que le processus d'assemblage des nanohybrides est trés
efficace avec un dopage ajustable en AuNPs. Les spectres UV-vis et les images MET prouvent que
I'agrégation des AuNPs est induite par la contraction des particules des puGels sous stimuli (pH et
de la température); agrégation qui permet le déplacement de la bande plasmonique amélioré vers la
région NIR. Sous irradiation laser a 808 nm, les uGels hybrides ont chauffé jusqu'a 55 °C et
présentent une grande phototoxicité au sein de cellules CT 26 avec seulement 16% & 30% de cellules
vivantes apres exposition. L'agrégation des AuNPs, causée par la variation de pH, crée les "points
chauds" qui permettent I’augmentation d’un facteur 5 a 10 des signaux SERS des colorants situés
proches de la surface des AuNPs. Les puGels hybrides et les fibroblastes sont incubés pendant
différentes périodes pour étudier le devenir des nanocomposites au sein des cellules. Au cours de la
dégradation et du désassemblage des uGels, les molécules fluorescentes s'éloignent
progressivement de la surface métallique et I'état de fluorescence passe de "quenched” a "on". Dans
le méme temps, le signal Raman passe de "on" a "off". Les images MET des cellules révele le

processus de dégradation et de désassemblage.

Pour conclure, les études menées lors de ma these soulignent que les microgels hybrides congus
sont des outils efficaces pour contrdler physiquement I'agrégation des nanoparticules d'or et sont
prometteurs pour la thérapie photothermique du cancer ainsi que pour le suivi du devenir des

nanoparticules a l'intérieur des cellules par multi-imagerie.
Mots clés : Nanoparticule d'or, microgel sensible au pH et a la température, colorants fluorescents,

imagerie photoacoustique, thérapie photothermique, spectroscopie Raman exaltée de surface,

diagnostic du cancer et thérapie.
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